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ABSTRACT

Nanotechnology is a new frontier for the advancement of science and technology. Nanomaterials
are playing a crucial role and that they will continue to do so is beyond doubt. They are being used
in electronic, magnetic, optical and catalytic applications where the unique interactions of nanos-
tructured materials with electromagnetic radiation is of great benefit. While significant progress
in understanding fundamental nanoparticle—electromagnetic radiation interactions has been made,
and has improved practical technology applications, there is plenty left to be fully understood. This
dissertation aims to further probe nanoparticle—electromagnetic radiation interactions and unveil
details previously not known. More specifically, this dissertation looks at how microwaves can aid
in the synthesis of anisotropic magnetic nickel nanoparticles, how small sized nanoparticles can be
used in tuning the dielectric properties of polymer-nanocomposites, and how core-shell nanoparti-
cles can be used for high quenching of fluorescence red dyes. An overview of chapters section that
provides a more detailed content summary for each chapter is found at the end of the introduction

chapter.
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CHAPTER 1

INTRODUCTION

1.1 Nanoscience and Nanotechnology

Materials with structural dimensions on the nanometer scale, or nanomaterials, exhibit unique
and interesting properties. These properties can include optical, electronic, magnetic, physical and
mechanical properties that are beneficial for various applications.[1, 2] A number of commercially
available products today already apply the benefits nanomaterials provide. These products range
from air-filters and antimicrobial clothing, to color televisions and medical diagnostic instruments
to name a few. Traditionally, the most prominent feature, or benefit, of nanomaterials was the sig-
nificantly larger surface area to volume ratio compared to bulk structures. While the surface area to
volume ratio is beneficial in certain applications, sitting in a regime in between the atomic scale and
bulk scale, nanoscale material properties (optical, magnetic, electronic, mechanical) can be tuned
by simply changing the size or shape of the nanomaterial.[3, 4] Working at the nanoscale also allows
formation of certain structures that do not occur naturally or at the bulk scale. The scientists,
engineers and biomedical experts in the multidisciplinary field of nanoscience and nanotechnology
are a group of people that are trying to synthesize various nanomaterials and understand their
properties with the objective of translating the nanomaterials into new technologies. While nano-
materials may provide better performance, scaling their production from a laboratory bench-top
synthesis to an economically viable industry-scale synthesis brings its own challenge and hinders
the rapid application of many nanomaterials in everyday life. There is plenty of room left in the
mastery of nanomaterials. This thesis contributes to that pursuit.

The majority of nanomaterials that exist today are synthesized, but nanotechnology has existed
in a number of naturally occurring systems that have reaped the benefits of the nanoscale.[5, 6] The
most iconic examples are the super-hydrophobic lotus leaves and the iridescent colorful wings of the
blue morpho butterfly [7, 8]. In the first case, the presence of nanometer hair structures on the leaf
surface prevent adhesion of water droplets which reduces water retention on the surface, while in

the latter case, well arranged nanostructures that comprise the wing cause the incident light on the



wing to undergo constructive and destructive interference before being reflected back. The lotus
leaf effect has lead to production of nanotechnology-based water-proof surfaces and self-cleaning
surfaces[9], and the photonic crystal structure of the butterfly wing has created new counterfeit
technology.[10] These fascinating examples open up questions of how are such intricate nanostruc-
tures created and how do they interact with matter or light to fulfill a certain function. This thesis
focuses on the synthesis of nanomaterials, the interaction of nanomaterials with electromagnetic ra-
diation, and how such nanoparticle-electromagnetic radiation interaction can benefit the synthesis
of nanomaterials and their application in certain technologies.While the research presented in this
thesis does not involve naturally occurring nanostructures, it does focus on the synthesis of certain
types of nanomaterials, the interaction of such nanomaterials with electromagnetic radiation, and
how such nanoparticle-electromagnetic radiation interaction can be beneficial in both, the synthesis

of and the application of nanomaterials.

1.2 Metallic and Magnetic Nanoparticles

Nanomaterials can be classified in a number of categories based on the constituent materials,
properties, or application in a certain type of technology. The nanomaterials studied in this research
can be classified as metallic and/or magnetic nanoparticles. In certain context within the nanoworld,
the term nanoparticle, typically refers to spherical structures between 1 and 100 nm, but for this
thesis, the term nanoparticle is used broadly for materials that have at least one dimension between
1 and 100 nm.[11] These nanoparticle structures can be isotropic spheres or anisotropic shapes such
as rods (nanorods) and branched or star-like structures (multipods) to name a few.

From band theory, metals are classified as materials that have electrons that fill the valence
band and (partially) the conduction band.[12, 13] The ‘sea of electrons’ allow metals to be good
conductors of electricity and give rise to a number of properties exhibited by metals.[14] As struc-
tures get smaller in dimension, the continuum of states in the valence and conduction band of
the material become more and more discreet as the atomic size is approached.[13] The metallic
nanoparticles such as gold nanoparticles (AuNPs) or nickel nanoparticles (NiNPs) being discussed
can be still viewed as structures that have a ’sea of electrons’ that can be described by the Drude
model.[14, 15] Quantum confinement effects on the nanoscale allow metallic nanoparticles to present

unique properties such as the localized surface plasmon resonance (LSPR) in AuNPs which arises



when the confined sea of electrons responds to incident electromagnetic radiation as seen in figure
1.1 for a spherical 3.5 nm AulNP. The absorptive and scattering properties of spherical nanoparticles

can be described by Mie theory.[15]
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Figure 1.1: UV-Vis absorption spectrum of citrate-functionalized 3.5 nm AulNPs exhibiting
a LSPR feature centered at 511 nm

Metallic nanoparticles of noble elements such as gold show greater resistance to oxidation which
make them the most widely studied (and used) materials for a range of applications where the metal
properties are beneficial.[16] However, AuNPs tend to have a higher price disadvantage. Nickel (an
earth-abundant element) nanoparticles on the other hand are not as inert as AuNPs and are known
to form a surface oxide layer that inhibits further oxidation of the material.[17-19] Other metallic
nanoparticles such as iron nanoparticles are highly reactive and oxidize immediately to form iron
oxide nanoparticles when exposed to air.[20] The resistance of metal nanoparticles to oxidization
therefore is important to their properties and applications, especially when the majority of atoms
of small nanoparticles are surface atoms.

Paramagnetic materials, materials with unpaired electron spins which produce a magnetic
dipole, are typically associated with most of the magnetic nanoparticles that are being studied.

Paramagnetic nanoparticles can be grouped into ferromagnets, ferrimagnets or antiferromagnets.



Materials that exhibit ferromagnetism include Ni, Fe and Co where the equal magnitude magnetic
moments are parallel to each other and produces a net magnetic dipole. Magnetite iron oxide
(Fe3Oy4) on the other hand is a ferrimagnetic material where the presence of unequal magnitude
magnetic moments in an anti-parallel fashion to each other giving rise to a magnetic moment but
weaker than that in a ferromagnet.[20-23]

The magnetism exhibited by materials also depends on the size of the structure because of
the existence of magnetic domains or Weiss domains.[21-23] Magnetic domains are volumes of
ferromagnetic material where magnetic spins are aligned in the same direction and have a certain
size.[21] These domain sizes vary depending on the material, and when nanomaterials are of a size
that falls under the size of a magnetic domain, they are known as single domain nanostructures.
These structures exhibit coercivity, the ability of the material to resist changes in magnetization by
an external field, but when the nanostructure size becomes even smaller, they show no coercivity
and become superparamagnetic. An example of this behavior is shown in figure 1.2 for 11 nm

Fe304 nanoparticles.[21, 23]
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Figure 1.2: 300K Field-sweep magnetization curve of superparamagnetic 11 nm FeszOy
nanoparticles



Superparamagnetic nanoparticles act as a single magnetic dipole but show higher susceptibility
than a single paramagntic atom and have temperature dependent magnetic behavior defined by the
blocking temperature (T g).[23, 24] The blocking temperature is defined as transition temperature
above which thermal energy overcomes the magnetic interaction between individual superparam-
agnetic nanoparticles.[20] Above the blocking temperature, the collection of superparamagnetic
nanoparticles moments are oriented in random directions and show no net magnetic moment. The
size dependent blocking temperature is given as [23]

K.V

_ DeffV 11
B o5k, (1.1)

where K, is the effective magnetic anisotropy of the nanoparticle, V is the volume of the nanopar-
ticle, kp is the Boltzmann constant and T is the temperature in Kelvin.[23] The magnetic anisotropy
of materials is a combination of magnetocrystalline, shape and stress anisotropy.[23, 24] Therefore
the blocking temperature of a magnetic nanoparticle will be influenced by the type of crystalline

structure and the morphology it is made up of.

1.3 Interaction of Electromagnetic Radiation with Matter

The properties of a material to understand its interactions with electromagnetic radiation can
be linked to the permittivity and permeability of the material. The permittivity of a material is
related to how the material interacts with electric fields while the permeability corresponds to the
interaction with magnetic fields. These properties are complex functions with a real component (€
or p') and an imaginary component (¢’ or p') that are both frequency- and temperature-dependent
functions that vary with the type of material.[24] For nanoscale materials, these functions are
also size-dependent.[14, 15, 24] In relation to this research, these parameters affect the heating
of materials in microwave reactors, and on how the nanoparticles can affect the properties of
the nanocomposite they are embedded in, or in the ability of the nanoparticles to quench the
fluorescence of dye molecules.

The complex permittivity, also referred to as the dielectric function, can be expressed as:

€ =¢ —id (1.2)



while the complex permeability can be expressed as:

pt=p =i (1.3)

The real part of the dielectric function, €, is a positive value that describes the ability of the
material to absorb or allow the electric field to penetrate the material while the ¢ component
describes how easily this energy is lost (that can occur through conversion to thermal losses).[24]
The dielectric response of a material is based upon the response of its electrons, charges and dipoles.
The electric field, depending on the frequency will affect how the components of the material will
react. For a typical dielectric material (not a pure metal), various responses can be observed as
illustrated in figure 1.3 adapted from the review from Kohl.[25] The ratio of the loss component
over the absorptive component is referred to as the loss tangent (tan §. = €” / €’ ). The more "lossy’
a material is, the higher the tan J.(Note: The magnetic loss tangent is denoted by tan J, and is

the ratio equal to p” / i)
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Figure 1.3: Frequency dependent permittivity of a dielectric material (Source: Low-
Dielectric Constant Insulators for Future Integrated Circuits and Packages)



In the case of bulk metals, the € is a negative value for EM radiation of low frequencies (below
the plasma frequency (wp)) which make them reflect EM radiation.[14, 26] However, once the
frequency of the incident EM radiation is higher than the plasma frequency (which is in the deep
UV-range), the ability of the metal to negate the EM radiation is decreased and the metal can be
penetrated by the EM radiation.[14] The penetration depth (d,) of materials (or skin depth for
metals) is defined as the distance from the surface of the material at which the amplitude of the wave
(or electric/magnetic field) drops to a value of 1/e of its original value within the material.[24] The
penetration depth of a material depends on the frequency of the radiation as well as the permittivity
and permeability properties of the material.[24, 27, 28] Metallic elements that also have magnetic
characteristics such as nickel and iron are able to attenuate EM radiation even better because of
their high permeability values, with loss mechanisms related to the magnetic nature of the material
(hysteresis, Eddy current, domain wall resonance and ferromagnetic resonance).[29] This is why
many EMI shielding materials developed (such as Mu-metal) incorporate magnetic elements as
well. For 99% decay of the wave/field, a thickness equivalent to five penetration depths is typically
required.[24] The skin depth of metals ranges from centimeters to nanometers depending on the
frequency, which means that when metals are on the nanoscale, they will indeed be interacting with
the impingent electromagnetic radiation.

For metallic nanoparticles, the dielectric function can be formulated starting with the modeling
of the system as being comprised of a sea of free electrons using Drude formalism. Size dependence
incorporation into the Drude model and addition of dielectric contributions using an analytical
Etchegoin model allows an accurate modeling of the dielectric function.[15] This dielectric dispersion
curve fits well with experimental data, and can accurately help predict the scattering and absorptive
properties of nanoparticles. In the quasi-static limit, where the electric field is homogeneous across
a nanoparticle (that is smaller in size than the wavelength of the EM radiation), Mie theory is able
to predict the scattering and absorptive properties of nanoparticles. The scattering function scales
as function of the sixth power of the radius while the absorption scales as a function of the third
power of the radius (cubic), and the sum of the scattering and absorption cross-sections gives the
total extinction cross section of the nanoparticle.[15] Nanoparticles under 20 nm in diameter can
be considered to be purely absorptive, while those above 20 nm can scatter the incident radiation

much stronger. The properties of the nanoparticle however are modified by changing the shape



of the nanoparticle as exemplified by gold nanorods that exhibit two plasmon resonance modes
describable through Gans Theory.[30]

As in the case of the size-dependent permittivity (dielectric function) for nanoparticles as a
function of frequency, a size-dependent permeability function can be described by the Landau-
Lifshitz-Gilbert expression.[24] However as the magnetic field strength is much weaker than the

electric field strength, the influence of the permittivity is more significant in many cases.

1.4 Synthesis of Nanoparticles

The synthesis of nanomaterials can typically be grouped into two categories: a top-down ap-
proach and a bottom-up approach.[1, 4] As the names suggest, a top-down approach involves taking
a large structure and breaking it down to form materials who dimensions are on the nanometer
length, while bottom-up approaches make nanostructures atom by atom. Top-down methods in-
clude expensive, time-consuming lithography (photolithograpy, electron-beam lithography) meth-
ods or cheaper mechanical attrition (ball milling)methods which do not produce high quality ho-
mogeneous nanoparticle product.[31, 32] The nanomaterials synthesized for the research in this
work has been through a solution-based bottom-up approach. The following subsections delve into

concepts and methods relevant to bottom-up approaches.

1.4.1 Bottom-up Approaches

As previously mentioned, bottom-up methods to synthesize nanoparticles involve the growth
of the nanoparticle starting from ions, atoms or molecular units that make up the final nanoparti-
cle. A number of bottom-up methods are currently used in the production of nanoparticles, each
with advantages and disadvantages. Bottom-up approaches include synthesis via a gas or vapor
phase (physical vapor deposition or chemical vapor deposition) or liquid phase synthesis (chemical
synthesis, sol-gel, spray pyrolysis or microemulsion method)[11, 32]. Narrowing down the scope
further, chemical synthesis of nanoparticles is the method of choice for the remainder of this sec-
tion where the nanoparticles can be synthesized in either organic or aqueous media. Liquid phase
chemical synthesis routes provide precise control and tunability of nanoparticle growth as the rate
of growth can be easily tuned by changing concentrations, precursors, temperature and time of the
reaction[l, 3, 4, 33]. This method therefore enables easier understanding of the role of the different

factors used.



Classical Nucleation and Growth Theories. The growth of metallic nanoparticles in
the liquid chemical synthesis method usually involves a reduction chemistry approach where three
main components are used: a metal ion precursor such as a metal salt, a reducing agent (sodium
borohydride for example) that can reduce the metal ion to a metal atom, and capping ligands

(citrate anions)that can bind to the surface of the growing nanoparticle and stabilize it.[33, 34]
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Figure 1.4: Illustration of classical nucleation theory (Reference 35)

In classical LaMer nucleation and growth theory, the first step involves the rapid formation of
a high concentration of monomers (atoms) in solution. Collisions and coalescence of atoms follows
and leads to the formation of stable nuclei. The nuclei have to reach a size with a critical radius
(r*) in order to prevent it from dissolving back in solution. The critical energy barrier (AG*) to
overcome depends on the bulk (volume) energy (red curve) and surface energy (blue curve) which
scale as a function of particle size. This is illustrated in figure 1.4 where the green curve is the

summation of the Gibbs free energy contributions from the interface ( or surface term that scales



with 12) and volume (or bulk term that scales with r® shown as a blue curve) of the growing
nucleus.[1, 4, 33, 35, 36]

The stable nuclei continue to grow as more atoms are added, and eventually stop growing when
the available atoms in solution are depleted.[1, 4, 33, 35] Growth is favored as the free energy of
the system continues to decrease with increase in volume of the nanoparticle. In other words, the
growth is under thermodynamic control. Figure 1.5 helps visualize this process of nucleation and

growth.[37]

Reversible i Irreversible
-
g ........ -
ks AG p T\
O ] /
NE| s
I
2
a I
8 r
Steps |
' +
) i
Ir—-

~

|
! N
Figure 1.5: Stages of classical nucleation and growth (Reference 36)

As nuclei formed in solution compete to get larger, the final particle distribution sometimes
may produce a population of nanoparticles with different sizes. Ostwald, in 1897, noted that if a
colloidal solution of nanoparticles was left to sit longer in time, the size distribution narrowed.[35]
This process of focusing the nanoparticle size is known as the Ostwald Ripening process where

smaller and energetically unfavorable nanoparticle dissolve back and are redeposited onto the larger

10



nanoparticle in solutions. Digestive Ripening, opposite to the Ostwald Ripening process, has also

been shown to take place in certain instances.[35]

Auto-Catalytic Growth of Nanoparticles. As the understanding of nanoparticle growth
has continued to grow, different growth behaviors have been observed in certain metallic systems
including silver, platinum and nickel.[18, 35, 38-40] According to Finke and Watzky, the classic
LaMer model is a linear process where growth follows nucleation, and the growth process of the
formed nuclei becomes diffusion-limited. In the LaMer process, nucleation in solution does not
occur after the initial stage of nucleation. As the LaMer mechanism was developed for sulfur sols,
it may only apply to systems similar to sulfur sols and not a universal growth mechanism for all
types of materials. Lastly, the LaMer model applies mainly to systems where a supersaturation of

monomer in solution occurs which leads to an initial burst-nucleation process.[38]
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Figure 1.6: Graphical representation of sigmoidal growth behavior of nanoparticle under
Finke-Watzky mechanism

A model developed by Finke and Watzky, the 2-step Finke-Watzky (F-W) model has been

shown to fit many colloidal metallic systems recently. The F-W model is applicable to systems
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where monomer concentrations are not at supersaturation. In the F-W model, a slow process
of nucleation takes place and a much faster autocatalytic surface-mediated growth occurs at the
enlarging nuclei in solution. The sigmoidal growth behavior in the F-W model is also assumed to
not be diffusion-limited as in the case of LaMer growth. The rate constants related to nucleation

(k1) and autocatalytic surface growth (ko) describe the following equations [38, 41]:

A B (1.4)
ko *
B —= B (1.5)

where A represents the monomer (metal atom), B represents the critical metal nucleus, k; is
nucleation step rate constant, B* represents a larger continuously growing nucleus, and ko is the
surface-enabled growth step rate constant. In the F-W model, k; << ko. The rate of growth of the
nanoparticle can be graphically represented by figure 1.6. The work by Dr. Ashley in our group
has shown that the nucleation and growth of nickel nanoparticles in a microwave-assisted heating

route fits the 2-step Finke-Watzky mechanism.[18]
1.4.2 Growing Anisotropic Nanoparticles

Anisotropic materials can be defined materials whose property are direction-dependent.[1] In
other words, the properties of the nanoparticle vary along different axes of the structure or at
different regions of the nanoparticle. Anisotropy is seen in magnetic materials where an ’easy axis’
exists along which the magnetic moment prefers to align[20-22], or in gold nanorods where two
(transverse and longitudinal) plasmon resonance modes arise from the different surface presented
at the ends of the rods and along the length of the rod.[1] Anisotropy extends beyond magnetic
and optical properties and can be easily tuned by controlling the shape of the nanoparticle. While
interest (and challenge) exists in the production of zero-dimensional (0-D) isotropic nanomaterials,
the growing knowledge that nanomaterial properties are only size-dependent but morphology- and
surface-dependent has brought significant focus of the research community towards understanding
anisotropic nanoparticle synthesis mechanisms, achieving synthetic-control over them, and evalua-
tion of anisotropic nanomaterial performance in various applications. In crystalline structures such

as metals and metal oxides, the final shape of the nanocrystal will control the presented surface
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crystalline facets.[42] Different crystalline facets have different surface energies as well as atomic
spacing, both of which affect the ability of the surface to catalyze chemical reactions.[2, 33, 42] Ad-
ditionally, complex nanostructure morphologies provide corners, steps, edges, tips, specific facets
and dangling bonds that give rise to improved catalytic properties.[2, 42]

Formation of anisotropic nanomaterials of various morphologies has produced structures in-
cluding nano-needles, nano-rice, nano-urchins, nano-belts, nano-popcorn, nano-cages and nano-
dumbbells, which be grouped into categories of one-dimensional (1-D), two-dimensional (2-D) or
three-dimensional (3-D) nanomaterials.[4] Anisotropic materials can also be mesoporous or hollow
structures, or Janus-structures.[1, 43] Progress in the synthesis of anisotropic nanoparticles has
revealed that precise growth control involves the interplay of a number of factors affecting solution-
based synthesis including competition between thermodynamics and kinetics of growth.[44, 45]
This section will focus on solution-based colloidal synthesis routes but acknowledges the existence
of other methods to synthesize anisotropic structures including templated-growth (nanowires using
porous membranes) and vapor-liquid-solid (VLS) growth (nanotubes as an example).[46, 47]

For nanocrystals, one of the main factors has been the crystalline nature of the material and
the initial seed crystal structure.[2] Certain materials exhibit polymorphism, the ability to exist in
more than one crystalline forms (fcc and hep for some metals)that can determine the macroscopic
shape of the nanomaterial.[48, 49] Crystalline nanostructures tend to evolve into thermodynamically
stable morphologies as they continue to grow. These stable morphologies where surface energy
was minimized was first shown by G. Wulff who proposed a theorem that could be applied to
understanding the final shape of nanoparticles.[4, 33, 44, 45] Nanocrystals will tend to grow and
achieve an equilibrium shape that reduces the total interfacial surface energy of the crystal; this
is why certain crystal facets are predominantly displayed. In fcc systems, the surface energy is
the order of (111) < (100) < (110) for clean surfaces (no ligand bound).[44, 45] However, Wulff
construction fails when it comes to several anisotropic structures because these structures are grown
under kinetic control and not purely under thermodynamic control. During nucleation and growth,
the formation of the initial nanocrystal nucleus is controlled by surface energetics as well as reaction
kinetics that can be influenced by temperature, ligands and concentrations. This can produce both
Wulff and non-Wulff shaped nuclei that can be either single crystalline or multiply twinned crystals.

The initial crystallinity of the seeds will control subsequent growth of the nanoparticle. This has

13



been advantageous for the seeded-growth approach where seeds of a particular shape are used to
help create anisotropic structures of another material.[50] The seed shape stability is determined
by the stability of maintaining the displayed facets which in turn depends on the material, surface-
stabilization effect of ligands used, as well as the temperature of the system.[44]

The use of shape-directing ligands (or surfactants) and small molecules (or ions) has been an-
other approach in obtaining anisotropic nanoparticles. Oleylamine, oleic acid, hexadecyltrimethy-
lammonium bromide (CTAB), carbon monoxide (CO) and halides (Br~, Cl7) have been shown
to affect the shape of the final nanomaterial.[42] They influence the evolution of the nanocrystal
by exhibiting different binding affinity towards different facets of nanocrystals leading to faster
addition of atoms (or surface-mediated reduction) on selective facets, and/or inhibiting growth on
certain facets. As the understanding of how ligands affect shape-control continues to progress, some
studies have shown that ligands not only play a role during the nanoparticle growth but modify
the initial metal precursor complex before the reaction even begins.[51, 52] The reactivity of the
metal precursor can have tremendous impact on the reaction pathway as it affects the nucleation
rate as well as the ability of the precursor to get reduced in solution or auto-catalytically on the
growing nanoparticle surface.[51] Lastly, ligands can play a role as an etching agent that will shape

the nanoparticle as it grows due to selective facet reactivity.[33]

Factors Controlling Anisotropic Nanoparticle Growth
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Figure 1.7: Factors influencing anisotropic nanoparticle growth



Anisotropic nanoparticles can also arise through oriented-attachment or oriented-aggregation
growth mechanisms. This occurs when nanoparticles that form in solution attach to each other
through specific facets and form elongated structures, typically worm-like structures or nanowires.
This route to anisotropic nanoparticles is one of the newest routes to synthesizing anisotropic nanos-
tructures. So far, oriented-attached mechanisms have been shown to depend on binding affinity
of ligands and stearic hindrance on selective facets, permanent or temporary electric or magnetic
dipoles interactions of nanoparticles, and crystallographic matching and surface energy reduction.
Imaging the nanostructures formed using HRTEM shows that stacking faults and interfaces be-
tween smaller constituent nanoparticles can be observed that provide evidence for this mechanism
of growth.[1, 4, 53]

Other kinetic and thermodynamic factors that play a role in the growth of anisotropic nanopar-
ticles in addition to some of the previously listed parameters include concentrations (precursor,
reducing agent and capping agents), reaction time and temperature, as well as mechanical effects
like stirring or shaking the solution. The concentration of the chemicals in solution not only affect
the type of nanocrystal seed formed as described earlier, but also affect the competition between rate
of adatom addition to the growing nanocrystal and rate of surface reconstruction, the accessibility
of atoms or precursor to the ligand passivated surfaces (faces, corners, tips) of the nanocrystal, and
atomic diffusion gradients from the surface of the formed seeds.[54, 55] A handful of research papers
have shown that the stirring of the colloidal reaction solution can be beneficial or disadvantageous
to anisotropic growth. On one hand, stirring can help shear the liquid layer along certain facets to
promote anisotropic gold nanorod growth[56], while on the other hand, stirring or shaking leads to
reduction in aspect ratio of cobalt nanorods,loss of anisotropic arrow-head palladium nanoparticles
or aggregation of polyaniline nanofibers.[57-59] Reaction time as a parameter is used to control
the size of nanoparticles, and for anisotropic structures, it can allow control over the aspect ratio
of nanorods or arms of multipod-like structures.[49] The temperature of the reaction is critical in
many aspects as it affects the type of crystalline phase that can form, the kinetics of the reaction
(solution reduction, surface-growth), the ability for surface diffusion of atoms (reconstruction) or
ligands (ligand hopping), and the ability to displace ligands on the surface.[60] A summary flow
chart of the various factors involved in controlling nanoparticle morphology and what effect they

would have is presented in figure 1.7.
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1.4.3 Microwaves and Microwave-Assisted Growth of Nanoparticles

Microwaves are electromagnetic radiation that correspond to a part of the electromagnetic spec-
trum that have a frequency range of 0.3 to 300 GHz, corresponding to a wavelength range of 1
mm to 1 m.[61] They are used in telecommunications, in radio astronomy, in radar technology,
in heating up food, and in the synthesis and processing of nanomaterials as well.[29] The specific
microwave frequency used in domestic microwave ovens is 2.45 GHz, and is typically the frequency
of many laboratory based microwave reactors as well.[61] The energy possessed by a photon corre-
sponding to 2.45 GHz frequency is 1.0 x 1075 eV.[61] This small amount of energy is comparable
to the rotational energies of molecules and therefore cannot directly participate in break chemical
bonds (which have much higher energies).[62] However, microwave-assisted heating is very efficient
in heating chemical reactions under most circumstances. This makes the technology an economical
and environmentally friendly alternative to convective heating, and results in faster and reliable
production of materials. Microwave-assisted heating systems can be scaled to larger production
capacities and can also be incorporated in flow-reactor technologies.[63]

In order for the microwave energy to efficiently heat a material, the material must absorb the
energy and convert it to thermal energy. This conversion to thermal energy can take place by the
multiple mechanisms including motion of ions, rotation of molecules, Ohmic losses and Maxwell-
Wagner polarization depending on the type of material in the microwave field.[63] Additionally,
magnetic losses can be at play for magnetic materials interacting with EM radiation as mentioned
in the previous subsection. The higher the loss tangent of the material, the greater its ability
to absorb and convert the MW energy into heat. A system comprised of multiple reagents with
different loss tangent values such as solvent, metal precursor and growing metallic nanoparticle will
experience selective heating as the reaction proceeds due to the change in reaction temperature and
the increasing dielectric properties of the larger nanoparticle being formed.[40] Selective heating
allows the surface of the nanoparticle to absorb the microwave energy more effectively than other
species in solution, and can enable faster autocatalytic growth or efficient shelling of cores using
microwave-assisted heating.[64] Recent work from the Strouse lab has shown that the nanoparticle
size can be tuned in a microwave by adjusting the power and frequency of the delivered microwave

radiation to the reaction solution.[40]
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1.4.4 ‘Lightning-Rod Effect’

The lightning-rod effect, not a commonly known phenomenon, describes the ability of structures
with sharp tips or edges to generate a strong localized electric field (or magnetic field).[65-72]
This can arise when a highly conducting material such as metal is subjected to a high frequency
electromagnetic field that leads to an unequal distribution of charge within an anisotropic structure.
The result of this is the generation of high surface charge densities at corners, tips and edges of
the material which produces high electric fields and possible discharge from those local regions.
The lightning-rod effect is a geometry-related phenomena that depends on shape of the conducting
material, and benefits certain applications including (surface-enhanced Raman spectroscopy) SERS,
generation of plasma, as well as in the sintering of metal. The lightning-rod effect explains the
ability of anisotropic nanoparticles such as plasmonic gold nanostars to improves SERS signal and
photothermal conversion for biomedical applications.[73] The more sharp the features are, or the
greater the aspect ratio of arms of a multipod are, the higher the enhancement of the local charge
density.[67] Through the lightning-rod effect, the sharp features of metal nanoparticles in an EM
field (including microwave field) can get much hotter than the rest of the nanoparticle structure
through enhanced thermal energy loss processes while responding to the changing field.[66] This
temperature differential between tips and the rest of the nanoparticle surface be taken advantage
of in the synthesis of anisotropic nanostructures using microwave-assisted heating as shown in this

dissertation.

1.5 Manipulating Nanometal Properties Through Layering
Dielectric Materials

1.5.1 Surface Energy Transfer using Plasmonic Nanoparticles

Efficient quenching of the fluorescence emission of excited dye molecules by small gold nanopar-
ticles in the last two decades has allowed for the development of biophysical tools to enable the
understanding complex structure of biological systems such as G-quadruplex folding, track cellular
uptake and payload release processes, and detect biomarkers for disease more accurately.|[74-82]
The interaction (fluorescence quenching) of the dye molecule (treated as a dipole with a small (<

20 nm diameter) gold nanoparticle (treated as a surface), is a nanoparticle-dye distant-dependent
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non-radiative energy transfer process that is inversely proportional to the fourth power of the

distance as given by the equation:

1

4
(@)

where Qs is the quenching efficiency given in percentage, d is the distance between the dye

Qefr = (1.6)

and nanoparticle surface, and dg is the 50% quenching distance at which fluorescence intensity of
the dye is 50% quenched by the nanoparticle. Figure 1.8 shows how this function looks graphically.
This was first experimentally demonstrated by the Strouse group and enables researchers to monitor

structural changes in real-time.[83]
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Figure 1.8: Theoretical quenching efficiency of ROX dye by a 3.5 nm AuNP as a function
of distance (of dye) from nanoparticle surface. The dy distance indicates where the dye
would be 50% quenched by the particle.

The theory behind the interaction is known as nanometal surface energy transfer (NSET) which
is superior (and versatile) to other techniques such as Forster resonance energy transfer (FRET)
because it allows larger distances to be probed, a single acceptor (nanoparticle) can be used to
quench multiple dyes, and it does not require as stringent conditions as FRET (J overlap) to work

efficiently. The NSET model was further developed and shown to predict the quenching behavior
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of different sizes of gold nanoparticles.[74] It takes into account the size-dependent absorptivity of

the nanoparticle and can be written out as shown in equation 1.7:

do = X (Ag)1/4 ( fr (1 + 6’2”>>1/4 (1.7)

N, 20,

where dg is the distance from the nanoparticle surface at which the dye is 50% quenched, « is the
orientation of the dye to the AuNP plasmon vector (a = (9/2)*)/47), n,, is the solvent refractive
index, A is the nanoparticle absorptivity defined in equation 1.8, ¢ is the quantum yield of the
donor dye, A is the emission wavelength maximum for the donor, n, is the refractive index of the
metal, &, is the solvent dielectric and €9 is the complex dielectric function of the metal. The reader
is directed to reference [15] for the set of equations that describe the dielectric function of the
metal (a sum of the Drude free electron contribution that is size-dependent, interband transition
contribution and the bulk correction term).

The size-dependent absorptivity of the metal nanoparticle is given in equation 1.8:

Ay = 10°In (10) | 2 <2;\7:LV(§3£>> (1.8)

where €) is the extinction coefficient of the NP at the maximum emission wavelength, r.,, is the
radius of the nanoparticle in cm, &g, is the skin depth of the metal in cm, N4 is Avogadro’s

number and V,,,s is the volume of the nanoparticle in cm?.

1.5.2 Layered Dielectric Materials for Energy Transfer: Core-Shell
Nanoparticles

As described in the previous sections, the dielectric properties are material-dependent as well as
nanoparticle size-dependent. In order to tune the optical properties of a nanoparticle, or to incor-
porate other modalities into the same system (magnetic and plasmonic properties as an example),
combining more than one material into the nanoparticle could be a beneficial approach. One could
create an alloy[84], dope the plasmonic nanoparticle[85], or develop a core-shell nanoparticle that
provides tunability of properties.[86] As gold is a material that shows plasmonic properties, is chem-

ically stable, and is bio-compatible, a number of core-shell structures have been pursued where a
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shell of gold enables several benefits.[86] Some of these structures include hollow gold nanoshells[87—
89], gold-shelled magnetic cores[86, 90], as well as gold-shelled silica nanoparticles.[91, 92] Core-shell
structures can also be created by having a gold nanoparticle as the core material and a different
material (silica, oxide, polyelectrolytes, etc.) which will result in changes in the LSPR peak posi-
tion and intensity based on Mie theory.[92, 93] The use of a dielectric shell on a gold nanoparticle
core has been used to tune the LSPR peak to a wavelength suitable for better spectral overlap,
or as a spacer between the gold nanoparticle and fluorescing material (dye, quantum dot, fluores-
cent protein, lanthanide, etc.). Studies using core-shell nanoparticles with gold cores have shown
distant-dependent behavior that matches NSET theory for small sizes of gold cores[92, 93], while
larger size gold cores with greater scattering have observed fluorescent enhancement with short
spacer distances.[91, 94] For the research work in this dissertation, the interest is in core-shell
structures of small sizes (<20 nm) with a magnetic core material (nickel or iron oxide) and a gold
shell that results in a magnetic plasmonic nanoparticle. These multimodal materials can be used in
a number of applications such as bio-compatible MRI agents, in magnetic cell-sorting, photother-
mal therapy, and layered dielectric structures for fluorescence quenching.[95-98] Significant effort to
synthesize such core-shell structures in a well-controlled manner and characterizing them has been
taken. Some of the challenges faced include obtaining good size distributions and detailed analysis
of the core-shell structure which at times consists of a very thin monolayer or two of gold.[98-100]
Another body of research being done focuses on predicting the plasmonic properties of core-shell

structures, and validating the predictions experimentally.[101-104]

Figure 1.9: Schematic of a core-shell structure where €; is the dielectric of the core, € is
the dielectric of the shell, €3 is the dielectric of the media surrounding the particle, ry is
the core radius and rs is the radius of the entire core-shell particle (Reference 87)
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In the case of a core-shell nanoparticle, the absorptivity of the nanoparticle can be derived
by taking into account the dielectric of the core, shell and surrounding medium that affects the
polarizability of the particle in the presence of EM radiation, which in turn contributes to the
absorption cross-section of the particle. Figure 1.9 shows the structure of what a core-shell structure
looks like and the parameters used to calculate the absorption of the structure as done by the Halas
group. [87]

The effect of a core-shell morphology changes the extinction spectrum of the nanoparticle,
affecting both the magnitude of the extinction and position of resonance features such as the LSPR
in a core-shell structure with a gold shell.[103] Figure 1.10 from the work of Wang et. al shows how
changing the core dielectric properties can change the extinction of a 40 nm core with a 5 nm gold
shell structure.[103] (Note: The complex refractive index ( n* = n + ik) is related back to the real

part of permittivity by ¢ = n? — k? and to the imaginary part of the permittivity by ¢’ = 2nk)
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Figure 1.10: Effect of changing the dielectric properties of the 40 nm core in a core-shell
structure where a 5 nm gold shell is present. (Reference 103)

By increasing the imaginary component of the dielectric for the core structure, a more ’lossy’
core, the LSPR of the gold-shelled particle is dampened but increases the extinction in the red-

wavelengths.[103] Furlani et al. more recently modeled the properties of gold shelled silica or iron
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oxide (magnetite) and provide the complex permittivity of the iron oxide.[105] Their results are
consistent with that of Wang et al. and show that a more lossy core material like iron oxide does
contribute to the absorption of the nanoparticle.[103] Distant-dependent quenching studies of small
magnetic plasmonic core-shell structures has been very limited possibly because of challenges in
making such structures, and/or because of the easy availability of well-studied gold nanoparticles.
Experimental data in a 2014 article that used an iron oxide nanoparticle (no gold shell) and silica
as a spacer suggests that the distance-dependent quenching behavior was linear. Permittivity data
for nickel shows that it would be a good absorber of red wavelengths and could be a good candidate

as a lossy core for core-shell plasmonic nanoparticles.

1.6 Overview of Dissertation Chapters

As the importance of anisotropic nanostructures and their unique surfaces continues to rise in
applications including catalysis, magneto-optics and electromagnetic interference shielding, there is
a need for efficient and economical synthesis routes for such nanostructures. Chapter 2 describes the
application of pulsed microwave-based heating for the rapid synthesis of highly branched pure phase
fce crystalline nickel mulitpods nanostructures with >99% multipod population. By controlling
the power delivery to the reaction mixture through cycling, superior control is achieved over the
growth kinetics of the metallic nanostructures allowing formation of multipods consisting of arms
with different aspect ratios. The multipod structures are formed under ambient conditions in a
simple reaction system comprised of nickel acetylacetonate (Ni(acac)z), oleylamine (OAm) and
oleic acid (OAc) in a matter of minutes by selective heating at the (111) overgrowth corners on Ni
nanoseeds. The selective heating at the corners leads to accelerated autocatalytic growth along the
<111> direction through a lightning rod effect. The length is directly proportional to the number
of cycles, while the core size is controlled by continuous power delivery. The roles of heating
mode (cycling versus variable power versus convective heating) during synthesis of the materials is
explored allowing a mechanism into how cycled microwave energy may allow fast multipod evolution
to be proposed.

In Chapter 3, other parameters influencing the growth of nickel multipods structures in a cycled
microwave power reaction are explored. This set of experiments tries to elucidate whether role of

precursor concentration, precursor type, ligands used and their ratios, as well as the microwave
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reactor type and solution stirring rate may affect the shaped growth of the multipods in addition
to the cycled microwave-power delivery. Ni(acac)s and Ni-acetate precursors show the formation
of multipods but the use of NiCly leads to the formation of a mixture of faceted particles and
no multipods under similar reaction conditions suggesting a difference in precursor reactivity or
effect of chloride ions. Switching the primary amine reducing agent, oleylamine, to a tertiary amine
(trioctylamine) leads to a loss of anisotropic growth while removal of the other ligand component,
oleic acid, also leads to isotropic growth. Ligand ratio studies using oleylamine and oleic acid show
that too high of a oleylamine to oleic acid ratio (> 5:1) or too low of a ratio (< 3:1) does not produce
multipod morphologies. UV-Vis spectroscopy of the starting solution for the different ligand ratio
solutions suggests that the ligands not only affect the reaction during growth but may modify the
initial Ni precursor complex formed. This different Ni precursor may have different reactivity and
modify the kinetics of the reaction that affects multipod formation. The use of a SiC microwave
vessel was shown to influence the heating profile and affect the uniformity of multipod growth.
Lastly, the effect of stirring the reaction was also shown to affect the evolution of the multipods,
and it maybe an underlooked factor in the growth of anisotropic nanoparticle growth.
Nanomaterial loaded thermoplastics are attractive for applications in adaptive printing methods,
as the physical properties of the printed materials are dependent on the nanomaterial type and
degree of dispersion. Chapter 4 compares the dispersion and the impact on the dielectric properties
of two common nanoparticles, nickel and iron oxide, loaded into polystyrene as a potential printable
low k dielectric polymer. Comparisons were made between commercial and synthetically prepared
samples. The change in the real and imaginary dielectric was systematically studied as a function
of particle type, concentration (0 to 13 volume percent), and surface coating for commercially
and synthetically sourced materials to evaluate the influence of nanoparticle dispersion on polymer
performance. By varying the volume percentage of filler in the matrix, it is shown that one can
increase the magnetic properties of the materials while minimizing unwanted contributions to the
dielectric constant and dielectric loss. The well dispersed nanoparticle systems were successfully
modeled through the Looyenga dielectric theory thus giving one a predictive ability for the dielectric
properties. The current experimental work coupled with modeling could facilitate future material

choices, and guide design rules for printable polymer composite systems.
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Chapter 5 investigates the synthesis of nickel-gold core-shell nanoparticles and their quench-
ing efficiency of red dyes in comparison to a pure gold nanoparticles. The chapter details the
synthesis of the core-shell structure and characterization of the nanoparticles using absorption
spectroscopy, magnetic measurements (SQUID), powder X-ray diffraction, transmission electron
microscopy (TEM) as well energy dispersive and X-ray fluorescence spectroscopy. The nickel
nanoparticles synthesized in an organic solution are etched significantly during the galvanic ex-
change at the surface with the gold precursor assisted by a reducing agent, and exhibit magnetic
and plasmonic properties corresponding to a core-shell particle with a very thin gold shell. The
phase-transferred 3.3 nm diameter nanoparticles were coupled to fluorescent dyes, DyLt680 and
ROX using different length dye-labeled double-stranded DNA sequences for the quenching studies.
The quenching studies were carried out by monitoring fluorescence emission intensity of the coupled
dye-nanoparticle system and uncoupled dye-nanoparticle system where sodium cyanide was used to
etch away the nanoparticle or DTT was used to outcompete the surface-bound dye-labeled DNA.
Similar studies using 3.5 nm gold nanoparticles show that the quenching of the nickel-gold core-shell
structures is higher than that of gold nanoparticles, as expected from the higher absorptive nature
of nickel compared to gold in the frequency range of dye emission. The quenching efficiency follows
the distant-dependent behavior predicted by surface-energy transfer between a dye and an nanopar-
ticle, but shows a higher dg value than that from the previously modified size-dependent NSET
equation for a core-shell structure. This difference maybe attributed to the model under-predicting
the absorptivity of the core.

Chapter 6 provides a brief conclusion of the significant results from this dissertation work and

suggests the next directions for the projects described in the earlier chapters.
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CHAPTER 2

KINETIC CONTROL OF NICKEL MULTIPODS
USING CYCLED MICROWAVE POWER

Reprinted from ”Synthesis of Highly Uniform Nickel Multipods with Tunable Aspect Ratio by
Microwave Power Control.” Vakil PN, Hardy DA, Strouse GF. 2018. ACS Nano. Article ASAP.
DOI: 10.1021 /acsnano.8b01992 Copyright 2018 American Chemical Society

2.1 Introduction

The growth of metal nanoparticles is known to follow an autocatalytic 2-step Finke-Watsky
mechanism, where the first step involves a slow reduction step (k;) of the cationic precursor in
solution by a weak reducing agent, such as oleylamine, followed by a second fast reduction step (ks)
of the cation precursor at the surface of the growing nanoparticle.[18, 39, 52] In the autocatalytic
mechanism k2 >>> k1 leading to growth being dominated by the nanoparticle surface. The nuclei
morphology, the facet stability for a given metal, the reaction conditions, and face selective binding
of ligands can lead to hyper-branching. While spherical particles are no doubt important materials,
controlling the reaction to allow isolation of high surface area branched metal nanoparticles is
attractive for catalysis and plasmonic applications.[106—115]

Recent studies have revealed for fcc metals branching is achieved by initial overgrowth on the
high energy vertex and edge sites corresponding to the (111) facets. Xia, et al. revealed morphology
control can be achieved by preferential growth along the (111) facet initiated by (111) overgrowth
occurring on nucleated cubic (fcc) nanometal seeds.[107] Researchers have carried the overgrowth
ideas to other metals and shown that materials with rapid metal reorganization leads to primarily
isotropic structures (Au, Ag, Cu), while structures with slow reorganization can readily grow as
anisotropic structures (Ni, Pd, Pt).[116, 117] The breakthrough in understanding the mechanism is
resulting in new routes to achieve the desired morphology. For catalytic applications, multipod Ni-,
Pt-, and Pd nanoparticles have been reported, although the systematic control of arm length and

aspect ratio is poor and long reaction times limit the scalability of the reactions.[49, 54, 58, 118-120]
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To truly realize the benefits of hyper-branched nanostructured materials, it is critical to develop
simple, economical, scalable, reliable and efficient routes for their synthesis.

Transitioning the mechanistic understanding of growth to sustainable synthetic methods for
solution processed materials, whether by flow chemistry, batch reactors, or more recently microwave
assisted methods is fundamentally important as such materials are being used for catalytic and
plasmonic applications.[121, 122] In the past decade, the use of microwave (MW) chemistry for
nanomaterials synthesis has attracted attention due to the enhancement of reaction rates and
reproducibility of the materials when carried out in a single mode MW reactor. The observed
enhancement is not due to the energy absorbed per MW photon, as it does not contain enough
energy to break a bond, but rather to enhanced growth rates reflecting the evolving dielectric loss
tangent for the growing nanoparticle. The size dependent loss tangent reflects the repolarization
of the electric field, as described within the Maxwell-Wagner (M-W) model.[40] Such polarization
effects are anticipated to be enhanced at sharp tips and edges, leading to enhanced heating at these
sites in a growing metal. This is referred to as a lightning rod effect, since the sharp tips and
edges generate very high electric fields in their vicinity due to the surface charge density in those
regions.[65-72] The size and shape dependent M-W loss tangents for a metal nanoparticle suggest
selective heating of the tip under pulsed power may provide control through selective tip growth
acceleration. MW pulsing as a tool in MW chemistry has been suggested by organic chemists
to enhance yield of reactions, and in materials synthesis to manipulate heating rates. While the
fundamental physics are well understood and the lightning rod effect has been shown to enhance
electromagnetic shielding, the use in MW synthesis has not been explored.[68, 71, 123-125]

In this work, a simple and rapid microwave-assisted chemical reaction that takes minutes to
produce highly crystalline metallic fcc nickel multipod structures is shown. Nickel is chosen as the
example material as it is a highly valuable industrial catalyst in fuel cells, waste reduction, and
bioprocessing technologies.[126-131] Ni multipods with arms that are 230 nm in length and 51 nm
in width (aspect ratio of 4.5) can be routinely prepared by sequential pulsing (9 pulses) in a 2.45
GHz MW single mode cavity (300 W) within 10 mins. The application of single mode pulsed MW
heating is demonstrated to enhance growth of the (111) facet to form multipod Ni nanoparticles
with large aspect ratios. The arm length of the Ni multipod is easily controlled by the number of

pulses applied during growth. This method does not need inert conditions to produce particles.
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The aspect ratio is systematically reduced with fewer pulses. The resulting multipod structures are
highly crystalline metallic single phase fcc nickel. The high aspect ratio samples are not achieved
by continuous MW operation.

It is hypothesized that the ability to generate multipod structures selectively reflects local
tip heating leading to acceleration of the (111) facet growth on the initial Ni seed crystal. As the
arm grows the selective heating coupled to increased MW cross-section for the anisotropic structure
results in the observed >99% selective multipod formation. Mechanistically, the accelerated growth
is describable under the Finke-Watzky autocatalytic mechanism as a temperature enhanced growth
rate on the (111) facet which occurs faster than atom reorganization on the seed faces. The lack
of multipod formation under continuous power is ascribed to the fact that the system reaches
equilibrium and the growth of the (111) facet is in competition with nanocrystal reconstruction to
minimize surface energy.

The study furthers the demonstration of microwave-driven chemistry as a powerful technology
providing precise control over nanomaterial growth and morphology, with lower energy consump-
tion. [132-134] Although multipod structures can be achieved in classical convective reactions by
addition of ligands that selective bind to a facet, the use of the cycled MW produces >99% multipod

morphology.

2.2 Materials and Methods
2.2.1 Materials

99%, nickel acetylacetonate hydrate (Ni(acac)2.xH20), oleic acid (OAc), oleylamine (OAm)
technical grade 70%, tri-n-octylamine (T'OA), toluene, methanol (MeOH), acetone and chloroform

were purchased from Sigma Aldrich. The materials were used without further purification.

2.2.2 Synthesis of Nanoparticles

Microwave Synthesis of Nickel Multipods. Ni multipods were prepared by MW heat-
ing a solution containing 0.75 mmol of nickel acetylacetonate, 25 mmol of oleylamine (or tri-n-
octylamine) and 5 mmol of oleic acid. The reaction was performed in a 2.45 GHz single mode
Anton-Parr Monowave 300 microwave using a G30 (30 ml) Anton-Paar microwave vessel that was

sealed with a silicone septa and crimp cap. The blue reaction solution was degassed under vacuum
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with stirring at a temperature of approx. 100 °C for 30 min using a water bath until no more
bubbling was observed prior to MW heating (Note: This step is not required but carried out as
standard protocol). The nanoparticles were grown by heating the reaction to 280 °C using 300 W
of microwave power followed by one of three operational modes: (1) constant temperature mode
(280 °C) (instrument maintains temperature by adjusting the microwave power automatically) for
a fixed duration of time, (2) a custom profile where the microwave power is stepped to a lower con-
stant power value that can maintain the temperature at an almost constant value, or (3) a custom
profile where the instrument is programmed to deliver microwave power in an on/off cyclic manner.
During the cycling mode, the microwave power is completely off while the reaction cools from 280
°C to 240 °C (10 seconds using automatic forced air) between the on cycles where the microwave
delivers a fixed amount of power to raise the temperature back to 280 °C as illustrated by the
power-temperature reaction profiles in the figures within the paper for the various reactions. The
time to raise the temperature from 240 °C to 280 °C depends on the selected power (300 W 13 s,
150 W 26 s). For cycled 300W power reactions with different frequencies (2 cycles of 5 sec or 3 cycles
of 3 sec), the power between cycles is reduced to 1 W instead of air cooling as the microwave system
cannot respond on such short time scales without lowering the reaction temperature significantly.
Following the last on cycle, the solution is cooled to 55 °C and the nanoparticles isolated by mag-
netic separation, followed by three repeat toluene dissolutions, methanol precipitation, magnetic
isolation, and finally drying the particles under vacuum.

In the case of smaller particles that do not separate out magnetically, the nickel nanoparticles
were precipitated by addition of 5mL toluene followed by 15 ml of methanol. The resulting solution
was centrifuged for 5 min using a centrifuge tube. After removing the supernatant, the pellet was
re-dispersed in toluene. To precipitate the NiNPs, excess methanol was added followed by isolation

through centrifugation before drying under vacuum.

Synthesis of Nickel Nanoparticles by Convective Heating. Convectively prepared Ni
nanoparticles were prepared using the same reaction solution in a microwave glass vessel (Anton
Paar G30) heated to 280 °C from room temperature (4 °C/min) and held at 280 °C for 1 h using a
heating mantle after prior degassing under vacuum at 100 °C for 30 min (the reaction was opened
to air. A second reaction was also carried out where the reaction vessel was placed in a preheated

aluminum block at 280°C to increase heating rate to match closely to that of the initial ramp in
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the microwave. The reactions were cooled down quickly to room temperature using a blower and

the nanoparticles were cleaned up as described previously.

2.2.3 Transmission Electron Microscopy (TEM)

Nanoparticle samples were drop-cast, from toluene dispersion, onto 300 mesh carbon coated
copper grids and left to dry under vacuum overnight. The TEM images were recorded using a

JEM-ARM200cF electron microscope at 200 kV acceleration voltage.

2.2.4 Scanning Electron Microscopy (SEM)

SEM imaging was performed on aluminum mounts with nanoparticles drop-casted directly and
allowed to dry. SEM imaging was performed on a FEI Nova NanoSEM 400 operating at 20 kV
with a spot size of 4.0. The images were collected with an Everhart-Thornley detector (ETD).

2.2.5 Powder X-Ray Diffraction (pXRD)

The pXRD patterns for Ni nanoparticles were acquired on a Rigaku Ultima III diffractometer

equipped with a Cu-K source. Data was collected at room temperature, in the 2 range of 10-84°.

2.2.6 Magnetic Measurements

Magnetic properties were studied with a superconducting quantum interference device (SQUID)
magnetometer, MPMS-XL (Quantum Design). Field-dependent magnetization for nanostructures
embedded in paraffin wax was measured at 300 K, with the applied field varying from 0 T to 1.5
T and back.

2.2.7 Thermogravimetric Analysis (TGA)

TGA was performed on a TA Instruments Q50 thermogravimetric analyzer. The samples were
heated at a rate of 10 °C/min from room temperature to 100 °C in an alumina pan and held
for 5 minutes before continuing to ramp at 10 °C/min to the final temperature (200-600 °C).
The samples were held at the final temperature for 30 min. Measurements were performed under

nitrogen environment.
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2.3 Results and Discussion

Although Ni nanoparticle growth is well understood, controlling morphology is not as pre-
dictable with typical reactions yielding a distribution of morphologies.[49, 119, 135] In all reac-
tions, enhancing growth at the tips (overgrowths) is key to achieves the desired selective control of
(111) growth allowing larger reaction batches to be prepared in isolating anisotropic morphologies.
Enhancing tip growth requires control of surface energy, which can be achieved by ligand binding
or potentially selective heating. MW heating can give rise to selective heating due to the fact
that MW absorption by a nanoparticle is size and shape dependent.[18, 40, 136] The interaction
of the MW field will be largest at sharp edges reflecting the properties of the dielectric absorption
process.[68, 71, 123-125] In systems exhibiting overgrowth, this may lead to selective heating of
the tips and potentially increased reduction rates at the overgrowth sites owing to the lightning
rod effect[65-72] leading to enhanced anisotropic growth at the super-heated tips as hypothesized
in Figure 1. Of course, under continuous MW absorption, as the nanoparticle reaches thermal
equilibrium this effect will be diminished leading to the reported spherical shapes.

The degree of experimental control achieved by pulsing vs continuous MW power is illustrated in
selected electron microscopy images showing initial nucleation and growth results in cubic structures
(Figure 2.1 a-c) that evolve towards (111) overgrowth (figure 2.1d) maintained under continuous
power (Figure 2.1e) but leading to high aspect ratio multipod morphologies under pulsed conditions
(Figure 2.1f). As detailed in the results section below, the evolution from cubic to overgrowth to
high aspect ratio multipods was analyzedas a function of time (number of pulses) to produce a
mechanism for growth that distinguishes autocatalytic growth observed in MW reactors for Ni
under continuous heating from the onset of MW enhanced (111) facet growth under pulsed MW
conditions. To evaluate the effect of MW pulsing on anisotropic growth, the nanoparticles were
grown by one of two operational modes: (1) constant temperature mode (280 °C) (instrument
maintains temperature with adjusting the power automatically), and (2) power and frequency
dependent cycling of MW power. Comparison to heating in a convective reaction using a round

bottom was carried out to evaluate the proposed growth model.
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Figure 2.1: Proposed mechanism of nickel multipod growth during cycled microwave heat-
ing. The growth of Ni occurs via a 2-step autocatalytic process where Ni(acac)s is reduced
in solution by the weak reducing agent, oleylamine followed by the formation of small nickel
nuclei capped by oleylamine and oleic acid that continue to grow. The rates of growth
are controlled by facet energy with the (111) facet being energetically favored. During the
microwave on cycle, selective-heating of (111) tips on nanoparticle corners enable faster
autocatalytic growth. Fastest growth of long multipod arms is therefore enabled when us-
ing high microwave power cycles that provide a greater differential temperature between
arm tips and the rest of the nanoparticle surface unlike the case of the continuous power
mode where particle reaches thermal equilibrium.

2.3.1 Evolution of Multipods Under Constant Temperature Mode for MW
Heating (Variable Power)

The influence of time on multipod formation was evaluated under constant temperature condi-
tions where the MW power fluctuates to maintain temperature to maintain temperature over the
course of the reaction. The reactions were carried out by heating a solution of Ni(acac)y dissolved
in a 5:1 (V:V) ratio of oleylamine to oleic acid to 280 °C using an initial incident power of 300
W to reach 280 °C and allowing the power to fluctuate to maintain the reaction temperature (See
Figure 2.1 continuous power graphic). The reaction temperature and microwave power profile for
a continuous temperature reaction and resulting particles are shown in Figure 2.2. Comparison is
made to a reaction where the power is stepped from 300 W to 75 W under controlled power, as

direct comparison to the constant temperature study.
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Figure 2.2: TEM of nickel multipods under constant temperature mode at different times
of (A) 3 min, (C) 4 min, (E) 6 min and (G) 10 min. Temperature and microwave power
profiles for the (B) 3 min, (D) 4 min, (F) 6 min and (H) 10 min reactions. SEM of nickel
multipods under constant power mode for (I) 6 min and (J) corresponding temperature
and microwave power profile.
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Table 2.1: Multipod arm length, width, and aspect ratio with respective standard devi-
ations for various reactions using constant temperature mode related to Figure 2.2. The
reaction for constant power mode (75 W 6 min) produces sphere-like nanoparticles with
diameter of 72 £+ 12 nm.

Arm 5
Arm fp— Arm Arm Width P— AR
Reaction | Length & Width std. dev. p. Relative
std. dev. ratio
(nm) (nm) (nm) std. dev.
(nm)
3 min 16 7.5 14 5.1 1.1 0.59
4 min 55 19 38 10 1.4 0.44
6 min 77 26 50 13 1.6 0.43
10 min 81 31 58 10 1.4 0.42

During the Ni growth reaction under constant temperature conditions, the power cycles after 2
min dropping from 300W to OW, with continuous power fluctuation at 50W to 100W to maintain
reaction temperature. Small power fluctuations are evident in the constant temperature reaction.
In contrast, under constant power (Figure 2.2J), the temperature is maintained over the course
of the reaction without power fluctuations. In figure 2.2, no clear correlation is observed between
the length of reaction at 280°C (constant temperature) and the appearance of multipod arms.
Reactions carried out for 3 minutes (1 min beyond cycle event) during the largest variance in
power produce irregular shaped nanoparticles exhibiting overgrowth but wide dispersities in size
(20-100 nm). After 4 minutes (2 min beyond pulse event), the nanoparticles have grown larger and
exhibit clear multipod morphology (arm aspect ratio of 1.4) with tapering arms. From 6 min to
10 min, the particles exhibit variability in the multipod morphology having large sphere-like cores
with longer arms of uniform width and rounded ends extending out from the core (arm aspect ratio
of 1.6-1.4).The stepped power experiment produces non-uniform shaped Ni (Figure 2.2I) consistent
with the 6 to 10 min reactions.

The average arm length, arm width and aspect ratio for each time point is provided in Table
2.1 and distributions extracted from the TEM images are provided in 2.3. Arm length is reported
as the length from tip to base of the arm while width is measured across the center region of the
multipod arm.

The 4 min and 10 min Ni nanocrystals were investigated by high resolution TEM lattice spacing

analysis to assess the crystallinity (Figure 2.4 A and B). High resolution TEM (HRTEM)
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Figure 2.3: Size distribution of multipod arm length and width for 3 min reaction (A and
B), 4 min (C and D), 6 min (E and F) and 10 min (G and H) constant temperature mode
reactions.
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of the arms in the 4 min reaction shows the arms grow along the <111> direction with a d-spacing
of 0.20 nm with no visible glide plane errors. In the 10 min reaction, the overgrowths on the 10
min Ni nanoparticle also conform to the (111) plane with a d-spacing of 0.20 nm. pXRD patterns

on the 10 min reaction confirms the d-spacing assignments to fcc Ni (Figure 2.5)

JNifcc(lll)
4 Nifec(111) A 0.20nm
0.20 nm

2 nm
S

&
-~ T

Ni fcc (111) Ni fcc (111).
0.20 nm 0.20 nm

2 nm > e
| — 4 cycles == 8 cycles

Figure 2.4: High resolution TEM (HRTEM) showing d-spacing along multipod arm of
particle grown with constant temperature mode for (A) 4 min and (B) 10 min. HRTEM
showing d-spacing along multipod arm for particle grown under cycled MW power mode
using (C) 4 cycles and (D) 8 cycles.

The lack of a clear power or time dependence on growth behavior using constant temperature

is attributed to the large fluctuation in the MW power cycle profiles. To assess the effect of MW
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influence, controlled convective reactions were carried out under identical reaction conditions to
the constant temperature studies in Figure 2 (280 °C, 5:1 OAm:OAc, 0.08 M Ni(acac)sz) for 4 min
in a pre-heated aluminum block and 1 h using a round-bottom flask with a heating mantle. In the
convective reactions the NiNPs appear as spherical nanocrystals (Figure 2.6). The formation of
overgrowth and multipod arms is not observed under convective conditions. The lack of overgrowth
under the experimental conditions are consistent with reports where high temperature reactions

lead to spherical nanocrystals.[117, 135, 137, 138]
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Figure 2.5: Powder-XRD patterns for various multipod structures (Cycled power for 2-,
4-, 6- and 8-cycles, and 10 min constant temperature reaction). Multipod structures show
crystal structure that matches the fcc Ni reference pattern (PDF 01-087-0712).
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The shapes of the Ni NPS grown under convective conditions compared to NiNPs grown in a
MW are remarkably different. It is clear in Figure 2.2 that the NiNPS grown in a MW exhibit
overgrowth leading to multipod structures. Inspection of the power vs. time graphs suggest the

multipod formation in the MW is potentially due to the presence of pulsing.
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Figure 2.6: (A) SEM of nickel nanoparticle formed using convective heating in a pre-
heated aluminum block at 280 °C and held for 4 min and (B) respective size distribution
from the SEM analysis. (C) SEM of nickel nanoparticles formed using convective heating
(heating mantle) where reaction was heated to 280 °C and held for 1 h and (D) respective
size distribution from SEM analysis.
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2.3.2 Evolution of Multipods Under Pulsed Microwave Power (Variable
Temperature and Reaction Time)
The influence of MW power cycling on multipod formation was evaluated under variable tem-
perature and time to evaluate whether cycling of the impingent MW field (Figure 2.7) directly
correlated to the length of the arm in arm observed in the MW reactions (Figure 2.8). The cycle

power and temperature profiles for the experimental conditions that produce the multipod struc-

tures in Figure 2.8 are shown in Figure 2.7.
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Figure 2.7: Temperature and power profiles for cycled power mode microwave reactions
with (A) 0 cycle, (B) 1 cycle, (C) 2 cycles, (D) 4 cycles, (E) 6 cycles and (F) 8 cycles.
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Figure 2.8: Evolution of nickel multipod structure synthesized using cycled power mode
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showing crystalline lattice of multipod arms. (G) Length and width of multipod arms
as a function of number of applied after initial cycle and (H) aspect ratio of arms versus
number of cycles after initial cycle.
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The reactions are carried out under identical reaction conditions to the constant temperature
study; however, the MW is pulsed at 300W in a controlled fashion and the temperature maximum
is set to 280 °C and allowed to drop to 240 °C between pulses. In figure 2.1 cycled power graphic,
the definition of cycle number is defined as it relates to the experimental data presented in Figure
2.8. The average temperature of the reaction is approximately 260°C.

The overall MW power impingent of the samples is higher than constant temperature mode
(figure 2.9). For instance, an 8 cycle reaction requiring 4.5 min of reaction time has 38% higher MW
power impingent on the reactants when compared to the reaction at constant reaction temperature

(280°C) for the same reaction time.
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Figure 2.9: Average total microwave power delivered to reaction in pulsed power mode
versus constant temperature mode in time.

At zero cycle (Figure 2.8a), cube shaped nanoparticles of 26 nm in diameter are observed (size
distribution provided in figure 2.10. With increasing number of cycles (Figure 2.8B-F), anisotropic

multipod structures are observed wherein the arm length and aspect ratio increases with the number
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of cycles. The isolated materials are fcc based on powder X-ray diffraction (Figure 2.5). A plot of
the average length of the arms and widths, as well as the aspect ratio (length/width) as a function
of the number of cycles is plotted in Figures 2.8 G and H. Analysis of the SEM image for the 8
cycle reaction, in Figure 2.8 demonstrates >99% multipod formation (within 2¢) with an average
of four arms per multipod. The distribution is a Gaussian distribution (2.12). The length of the

arms are 228 + 33 nm with a width about 51 £ 8.2 nm resulting in an aspect ratio of 4.5.

25 —
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0 20 40 60 80 100
Diameter (nm)

Figure 2.10: Size distribution analysis from TEM of nanoparticles from 0-cycle power
mode microwave reaction.

The multipod arms exhibit no glide plane errors and grow as (111) extensions. HRTEM imaging
of the 4-cycle and 8-cycle sample reveals the arms are single crystal along the <111> direction with
d-spacing of 0.20 nm (2.4). HRTEM of some initially formed Ni cores (0-cycle reaction) and region
near the core-arm interface for the 8-cycle reaction show defect-free single crystalline nature (Figure

2.11).
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0.20 nm

—

Figure 2.11: (A and B) High resolution TEM images of core structures exhibiting single-
crystalline nature without defect. (Insets) Numerical electron diffraction patterns corre-
sponding to fast Fourier transform within core region. (C) TEM of a multipod arm (8
cycle reaction) near core-arm intersection showing highly crystalline defect-free structure
as observed in magnified insets in two regions with a d-spacing of 0.20 nm corresponding
to the (111) planes.

The increase in the aspect ratio for the (111) arm appear is shown for the 10s MW-on cycles
in Figure 2.8 G and H. The aspect ratio appears to be linear with respect to the number of cycles.
The histograms for arm length and width are shown in figure 2.12 and 2.13. In Figure 2.14, the

impact of shorter MW heating cycles is evaluated.
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Figure 2.12: Arm length distribution analysis from TEM/SEM of multipod structures
synthesized using cycled power mode using (A) 1 cycle, (B) 2 cycles, (C) 4 cycles, (D)
6-cycles and (E) 8 cycles (number of cycles after initial cycle to raise temperature to 280
°C). (F) Number of arms per multipod observed from SEM image of the 8 cycles reaction.
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Figure 2.13: Arm width distribution of multipod structures using cycled microwave reac-
tion using (A) 1l-cycle, (B) 2-cycles, (C) 4-cycles, (D) 6-cycles and (E) 8-cycles.

Comparison of nearly equivalent heating times for a single 10s cycle, two 5s cycles, and three

3s cycles following the initial 13s MW irradiation event confirms the control of aspect ratio.
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Figure 2.14: SEM of nanostructures with corresponding temperature and microwave power
profile of cycled power reaction with different cycle frequencies following an initial cycle
of 10 sec 300W: (A and B) 1 cycle of 300 W for 10 sec, (C and D) 2 cycles of 300W for 5
sec, and (E and F) 3 cycles of 300W for 3 sec. TEM image of multipod structure (insets
C and E).
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Figure 2.15: Arm length and arm width distribution of nanostructures synthesized using
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The arm length and width can be extracted by analysis of 300 arms in the SEM images (figure
2.15). For the 10s cycle (Figure 2.14 A) the length is 178 + 37.9 nm and the width is 57.6 £ 7.87
nm (aspect ratio 3.1); for the two 5s MW-on cycles (Figure 2.14B) the length is 246 44.4 nm and
the width is 42.2 £ 10.1 nm (aspect ratio 5.8); and for the three 3s MW-on cycles (Figure 2.14C)
the length is 277 4+ 49.6 nm and the arm width is 41.1 + 10.5 nm (aspect ratio 6.8). From the
cycling study it is clear that for the shorter MW-on cycle times thinner arms are observed.

The resultant multipods in the cycled experiments compared to the constant temperature reveal
under cycled power conditions the uniformity of the multipods is significantly better with a higher
multipod density. The observed multipod density is in fact the highest ratio reported in the
literature, with >99% for experimental conditions of four or more cycles. The observed experimental

data is consistent with the overgrowth model for multipod formation suggested by Xia, et al.[107]

2.3.3 Effect of Cycle Power on Multipod Evolution

While it would be desirable to measure the tip vs core of the Ni multipod during the MW
cycle to support the lightning rod mechanism, it is not practical to measure this on the scale of the
nanoparticle. The MW measures vessel temperature and not the nanoparticle temperature directly.
In order to support that growth behavior is dependent on MW-on cycling leading to tip heating, a
series of experiments were carried out where the influence of MW power on the growth behavior was
evaluated. It is reasonable to assume the higher cycle powers will lead to hotter tips even though
the average reaction temperature is nearly constant. However, the time to achieve temperature is
lengthened at lower power which should lead to nanoparticle temperature equilibration. (Note: For
these reactions a 10 ml reaction vessel was used which impacts the MW energy absorbed and the
growth rates).

As seen in Figure 2.16A and B, by lowering the power of the 4-cycle reaction to 150 W, the
population of multipods is greatly reduced, and primarily forms spherical nanoparticles (diameter
52.4 4+ 13.9 nm) in comparison to the 300W 4-cycle reaction (Figure 2.16C and D) which produces
well-defined multipods (arm length 73.6 + 27.1, arm width 33.5 £+ 5.6 nm. Furthermore, two other
experiments were carried out where the sequential cycle power of the 4 cycles was either increased
or decreased by 50 W. When the cycle power is sequentially decreased from 300 W to 150 W in a
4-cycle reaction (Figure 2.16E and F), the nanostructures formed are more rounded with very little

overgrowth (arm length 22.2 4+ 6.7 nm, arm width 13.9 3.4 nm. In the other case, where the
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Figure 2.16: SEM of nanostructures with corresponding temperature and microwave power
profile of reactions under cycled power of 150 W (A and B) and 300 W (C and D). TEM of
nanostructures with corresponding temperature and microwave power profile of reactions
under cycled power with sequential cycles of either decreasing power from 300 W to 150
W (E and F) or increasing power from 150 W to 300 W (G and H).
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Figure 2.17: (A) Diameter of nanoparticles synthesized using cycled power where the
microwave power during the 4 cycles was set to 150W. Arm length and width distributions
of nanostructures synthesized using cycled power with different cycle power: (B and C)
4 cycles of 300 W, (D and E) 4 cycles of sequential decreasing power from 300 W to 150
W, and (F and G) 4 cycles of sequential increasing power from 150 W to 300 W.
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MW power of sequential cycles is increased from 150W to 300W (Figure 2.16G and H), multipods
with longer arms are formed (arm length 55.9 + 18.5 nm, arm width 28.0 &+ 5.2 nm). Distribution
of arm lengths and arm widths are provided in figure 2.17.

The power dependent growth behavior can be ascribed to a lower temperature differential
between the core and the tips when the cycle power is sequentially decreased leading to more
uniform nanoparticle surface heating and growth. On the other hand, when the cycle power is
increased sequentially, the initially formed overgrowths continue to be selectively heated compared
to the rest of the nanoparticle surface with subsequent high-power short-time cycles as described
previously.

2.3.4 Role of Ligands on Multipod Generation Under Constant Temperature
and Cycled MW Power Modes

As a final check on the MWon cycle dependent growth, the influence of ligand was investigated,
as it is known ligands can direct nanoparticle shaping.[52, 109, 111, 116] A set of experiments were
carried out under both, constant temperature (8 min) and cycled MW power (4 cycles of 300 W),
where the ratio of the OAm (reducing agent and capping agent) and OAc (capping agent) was
varied (Figure 8). In addition, the effect of nanoparticle growth when the primary amine (OAm)
is substituted with a tertiary amine, trioctylamine (TOA) was investigated.

As shown in Figure 2.18 C and D, reactions carried out at 5:1 OAm to OAc in the 10ml reaction
vessel produce multipod structures. The formation of the multipod is likely to be enhanced by the
presence of OAc, since the igand directing ability of OAc to enhance anisotropic shapes is well-
documented. Reactions carried out at 1:5 or 0 :1 OAm to OAc (not shown) do not yield product
due to too little reducing agent consistent with the requirement of an amine to act as a reducing
agent to initiate reduction of the Ni(acac)z to initiate Ni growth.[18, 40] When the MW experiments
(Figure 2.18 A and B) are carried out at 1:0 OAm to OAc, spherical-shaped nanoparticles form
consistent with the requirement of OAc being present to direct nanoparticle shape. The isolated
Ni spheres constant temperature conditions have a diameter of 74.5 £+ 13.0 nm and following a
reaction with 12 cycles at 300 W the nanoparticle diameter is 137 + 37 nm.

Interestingly, the Ni nanoparticles formed using a 5:1 V:V TOA:OAc ratio also eliminated

multipod growth under constant temperature and cycled MW power modes. Under constant
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5:1 (OAm: OAc)
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Figure 2.18: Ligand role in Ni multipod synthesis. Nanostructures formed using pure
oleylamine (OAm) under (A) constant temperature mode for 10 min (TEM) and (B) cycled
MW power with 12 cycles (SEM) (4 cycles did not form any product). Nanostructures
formed using 5:1 V:V ratio of OAm and oleic acid (OAc) under (C) constant temperature
mode for 10 min (TEM) and (D) cycled MW power with 4 cycles (SEM). Nanostructures
formed using 5:1 V:V ratio of trioctylamine (TOA) to OAc under (E) constant temperature
mode for 10 min (TEM) and (F) cycled MW power with 4 cycles (SEM). Reactions carried
out using 1:5 V:V ratio of OAm:0OAc and using pure OAc yielded no product.
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temperature mode spherical nanoparticles with a diameter of 4.63 4+ 1.62 nm was isolated, while
cycled MW power mode produced large faceted nanoparticles with diameters of 173 + 70 nm.
The difference in growth is not understood but is under study. It is believed that the loss of the
multipod structure reflects loss of packing order at the surface due to the presence of bound TOA.

The observation from the ligand studies suggest that the combination of OAm and OAc is key
to the formation of a Ni core structure with overgrowths that can then be elongated most effectively

through MW power cycling. Further studies are underway to explore the full role of ligand.
2.3.5 Analysis of the Magnetic and Thermal Stability Properties of Ni
Multipods
The multipod structures with high anisotropic structures may have applications in a range of
technical fields, including magnetism and catalysis. The magnetic characterization and thermal
stability of selected multipods were analyzed for completeness. The data is provided in figures
2.19 and 2.20. It is known that shape anisotropy in magnetic materials is known to influence the

magnetic properties of materials.[139, 140]
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Figure 2.19: 300K field sweep saturation magnetization curves with close up near origin
to show coercivity for (A and D) multipods with arms of aspect ratio 2.17 (coercivity 215
Oe), (B and E) multipods with arms of aspect ratio 2.42 (coercivity 250 Oe), and (C and
F) multipods of aspect ratio 4.47 (coercivity 283 Oe) synthesized using a cycle power of
300 W (10 sec).
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Figure 2.20: SEM images of multipods (8-cycles) (A) pre-TGA, (B) post-TGA after hold-
ing at 200 C for 30 min), (C) post-TGA after holding at 400 °C for 30 min, and (D)
post-TGA after holding at 600°C for 30 min. TGA graphs for (E) sample at 200 °C for
30 min, (F) sample at 400°C for 30 min and (G) sample at 600°C for 30 min.

Results from the magnetic field-sweep studies carried out at 300K show that the anisotropic
nature of the multipod arms influences the coercivity of the materials while maintaining a high

saturation magnetization value (figure 2.19). The coercivity increases from 215 Oe (arm aspect
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ratio of 2.17) to 250 Oe (arm aspect ratio of 2.42) and finally 283 Oe (arm aspect ratio of 4.47)
as the aspect ratio of the multipod arms increases. In comparison, spherical Ni fcc nanoparticles
of 55 nm diameter synthesized in the lab exhibit a coercivity of only 109 Oe at 300 K. The values
of coercivity at 300K for Ni multipods from the 8 cycle reaction is greater than many of the Ni
nanostructures synthesized to date.[119, 141-144]

Catalytic reactions are often carried out at high temperature and the benefit of high surface area
multipods are only applicable if the structures are stable. In order to probe the structural stability
of the multipods at higher temperatures which are typically used for catalytic studies, a series of
experiments were carried out where the multipod structures from the 300W 8-cycle reaction were
thermally heated at 200 °C, 400 °C and 600 °C for 30 min in a thermogravimetric analysis (TGA)
instrument and imaged by SEM post-treatment. The SEM images for the multipods pre- and post-
thermal treatment show that the multipod morphology is maintained even at 400 °C without any
observation of reconstruction to spherical morphology (figure 2.20). At 600 °C, the particles start
to fuse with each other as ligand loss has taken place, and melting alongside surface reconstruction

of the multipods seems to occur at this temperature.

2.4 Conclusion

Size-tunable nickel multipod structures were synthesized using a pulsed microwave heating
approach that provided greater control over growth and produces good quality metallic nickel
nanostructures with tight size distributions. Particle analysis by pXRD and TEM reveal pure fcc
phase Ni structures with arms that grow along the <111> direction. The experimental results
support that anisotropic growth control proposed is due to the pulsing of the microwave field as
suggested in the proposed mechanism in Figure 2.1. Results from this work suggest a temperature
difference between the multipod tips versus the rest of the nanoparticle achieved through selective
heating of the tips during the pulse step of the reaction enables the arms to grow rapidly along the
tip. During the pulsing step of the microwave, the tips of the multipods heat rapidly in comparison
to the other parts of the nanoparticle owing to the lightning rod effect.[65-72, 123] Selective heating
of (111) tips leads to increase in the surface mediated autocatalytic growth at the tip leading to the
observed multipod structures. High power pulses provide greater differential temperature which

impacts arm growth more significantly than total reaction time or average reaction temperature.
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From the tapering of the multipod width from base to tip and single crystalline nature of the arms,
the nanoparticle growth cannot be ascribed to oriented attachment of smaller nanoparticles formed
at the initial stages of the reaction.

The use of MW power cycles to control multipod structures is advantageous as the synthesis
approach uses only three reactants and can be carried out under ambient conditions within minutes.
Synthesis times for even the largest multipods took less than 15 minutes with the cycled microwave
approach. This cycled heating approach should apply to other material types and further illustrates
the important role of microwave-matter interactions in the synthesis of materials using microwave-
based heating. The catalytic properties of such highly branched structures with different arm sizes

is currently being investigated.
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CHAPTER 3

ELUCIDATING FACTORS CONTROLLING
MULTIPOD MORPHOLOGY IN
MICROWAVE-ASSISTED REACTIONS
(PRECURSOR AND LIGAND CONCENTRATIONS
AND TYPE, LIGAND RATIOS, MICROWAVE
VESSEL TYPE AND STIRRING RATES)

3.1 Introduction

Anisotropic metallic nanoparticles exhibit improved properties for a number of applications
including SERS, catalysis, EMI shielding and plasmonics.[68, 71, 106-115, 123-125] The majority
of routes to synthesize such nanostructures are achieved through convectively heated bottom-up
chemical approaches and require precise control of reaction parameters. Translating synthesis of
such nanostructures to microwave-assisted heating routes can allow fast, reproducible and scalable
production.[61] Microwave-assisted reactions have been shown to increase the reaction rates of
many chemical reactions through efficient coupling of the MW field to MW absorbing solvents or
reactants used, and microwave-matter interactions as the nanoparticle grows, will further impact
the reaction pathway. The kinetics of a reaction impact the shape of nanostructures as described in
section 1.4.2, and therefore one cannot assume that the every reaction using a convective-approach
will also behave the same in a fast microwave-assisted heating setup.

In Chapter 2, the role of tip heating by the MW field via the ’lightning-rod effect’ was shown to
affect the growth of nickel multipods in a microwave reactor, and running the same reaction using
convective heating was shown to result in different structures. The cycled-MW power approach
to synthesize large aspect ratio arms is indeed more advantageous than extremely lengthy and
multi-step reactions heated using convective methods. From the work done in literature, it is
clear that a number of parameters influence the growth of anisotropic metallic structures including
the metal used, choice and concentration of metal precursor, ligands, temperature and time. The

efforts have allowed the expansion of anisotropic materials that can be made today, but a lot still
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remains to fully understanding and controlling anisotropic growth. The goal of the work in this
chapter is to expand the understanding of anisotropic Ni multipod growth in a microwave reactor
by investigating other factors that could affect the growth of the structures. In MW reactions that
take minutes to complete, how critical is the concentration or type of the metal precursor, or ligand
ratios and choices? What happens when the reaction takes place in a more convective-type of MW
vessel (silicon carbide), or does stirring the reaction that is uniformly heated by a MW field play
any role? Without understanding the influence of such parameters, translating the approach of
nickel multipod growth in a microwave reactor to other materials might not work as expected.

The growth of metal nanoparticles using microwave-assisted heating has typically produced
highly crystalline tight size-distribution spherical nanoparticles.[61, 62] A uniform temperature
throughout the reaction solution leads to homogeneous nucleation resulting in tight size
distributions.[145]

The literature on growth of anisotropic metallic nanoparticles in MW-assisted reactions however
is limited. Tsuji et al. have synthesized gold nanoparticles with a high degree of twinning using
a polyol process that produced a mixture of decahedral, icosahedral and plate-like structures.[62]
The product population comprised of a mixture of shapes that could be tuned towards decahedron
and icosahedron structures by increasing the gold salt and chloride ion concentrations. Humphrey
et al. have synthesized Rh multipod structures using a microwave-assisted heating route using
continuous flow setup in a multimode MW reactor. The populations are again not of tight size
distributions and the particles are not tunable to a great extent [122]. In the case of nickel,
icosahedral nanoparticles have been synthesized by Holmes et. al that showed enhanced magnetic
properties.[141] Flower-like nickel nanostructures comprising of smaller nanoparticle aggregates
have been also reported for a microwave-assisted synthesis method.[146] Most of the examples
listed previously are typically aqueous-based or polyol-based reactions that do not produce the
high quality anisotropic structures observed from organometallic precursor routes for anisotropic
structures. Unfortunately, the solvothermal routes using organometallic precursors have not been
carried out using MW reactors.

In this chapter, the results of reactions with changes in different reaction parameters carried out
under cycled-MW power are presented. The sampling space of parameters includes organometallic

precursor concentration and choice, ligand ratios and ligand types, microwave vessel type and
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mechanical stirring. It was expected that as the growth of nickel multipods is under a kinetic
control regime, each of these parameters would affect the kinetics of the reaction. The precursor
concentration and amount of reducing agent, OAm, would affect the nucleation and growth rates
significantly. Despite having an excess (an order of magnitude) of reducing agent (OAm), the
concentration of the Ni(acac)y was shown to influence the multipod evolution. Very high or very
low concentrations produced spherical structures, while doubling the concentration from 0.083 M
lead to multipods with lower aspect ratio arms and larger core sizes. The choice of metal precursor
controls the ease of precursor reduction, which in turn will affect the reaction kinetics. Switching
from Ni(acac)s to Ni(acetate)s did not have a profound impact on multipod structure, but the use
of NiCly resulted in large faceted nanoparticle that might have been as a consequence of strongly
binding Cl~ ions in the solution. In terms of ligands, OAc is known to play a role in producing
anisotropic structures, while both OAm and OAc have been shown to interact with the precursor
and modify the kinetics. The ligand studies in this chapter showed that without using the pair
of OAc and OAm, multipod generation was not possible. The OAm:OAc ratio was also critical
in controlling shape, with a range of 5:1 to 3:1 V:V ratio of OAm:0OAc giving multipods, and
other ratios giving isotropic morphologies. Absorption spectra of the pre-reaction solutions for the
ligand studies show that the nickel complex that undergoes reduction is not the starting Ni(acac)s
hydrate precursor and is modified by coordination of OAm and OAc at the very beginning. These
complexes react differently giving rise to a range of morphologies. While stirring has played a
role in convectively-heated reactions, the impact it would have in a microwave-assisted reaction
for Ni multipod growth was expected to be minor as the uniform heating within the microwave
cavity would not be greatly influenced by stirring. Stirring did end up affecting the reaction
dramatically, with higher stirring rates leading to loss of multipod growth in a 3 ml 4-cycle 300W
reaction (10 ml vessel that cannot handle pressure generation with large number of cycles), but did
not inhibit multipod growth as shown in a 9 ml 8-cycle 300W reaction (30 ml vessel). Stirring at
600rpm reduced the arm length by a factor of two approximately. Stirring experiments suggest that
stirring increases the nuclei produced and therefore result in smaller multipod structures. From all
the results so far, it can be concluded that cycled MW power does enable production of multipod
morphologies for a set of reaction conditions, but other factors for the MW-assisted reaction do

influence the final structure of the nanoparticles.
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3.2 Materials and Methods
3.2.1 Materials

99%, nickel acetylacetonate hydrate (Ni(acac)o.xH20), 99%, nickel acetate tetrahydrate
(Ni(acetate)2.4H20) 99%, nickel chloride (NiCly), oleic acid (OAc), oleylamine (OAm) technical
grade 70%, tri-n-octylamine (TOA), l-octadecene (ODE), toluene, methanol (MeOH), acetone
and chloroform were purchased from Sigma Aldrich. The materials were used without further

purification.

3.2.2 Synthesis of Nanoparticles

Nickel Precursor Concentration and Choice Effect. For the concentration studies, so-
lutions of nickel precursor, Ni(acac)z (0.0415 M, 0.0834 M, 0.167 M and 0.334 M) with a 5:1 V:V
ratio of OAm:OAc totaling to 3 ml was reacted. The blue reaction solution was degassed under
vacuum with stirring at a temperature of approx. 100 °C for 30 min using a water bath until no
more bubbling was observed prior to MW heating. The reaction was performed in a 2.45 GHz sin-
gle mode Anton-Parr Monowave 300 microwave using a G10 (10 ml) Anton-Paar microwave vessel
that was sealed with a silicone septa and snap cap. The nanoparticles were grown by heating the
reaction to 280 °C using 300 W of microwave power followed by a 300W-4 cycle heating profile
where the reaction temperature is cooled to 240 °C before applying 300W of MW power to heat
the reaction to 280 °C for four consecutive times. (Note: for the 0.334 M solution, only 1 cycle of
300W MW power was applied to the reaction following the initial heating of the reaction to 280
°C as the reaction generates a significant amount of pressure (ammonia gas) due to the quantity
of nickel generated through the reductive elimination mechanism of oleylamine with Ni(acac)s).

Following the last on cycle, the solution is cooled to 55 °C and the nanoparticles isolated by
magnetic separation, followed by three repeat toluene dissolutions, methanol precipitation, mag-
netic isolation, and finally drying the particles under vacuum. In the case of smaller particles that
do not separate out magnetically, the nickel nanoparticles were precipitated by addition of 2mlL
toluene followed by 8 ml of methanol. The resulting solution was centrifuged for 5 min using a
centrifuge tube. After removing the supernatant, the pellet was re-dispersed in toluene. To pre-
cipitate the NiNPs, excess methanol was added followed by isolation through centrifugation. For

the precursor choice effect, the exact same conditions were used as listed above, but with fixing the
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Ni precursor concentration at 0.083 M and varying the Ni precursor choice from the acac to the

acetate or chloride compounds.

Ligand Ratios and Ligand Type Effect. Reactions for this set of experiments were carried
out as described in the earlier section (for precursor effects) but the nickel precursor used was
Ni(acac)y at 0.083 M and the ligand ratios for OAm:OAc were 1:0, 10:1 5:1, 4:1, 3:1, 2:1, 1:1, 1:5
and 0:1 V:V. An additional set of reactions were carried out for a 5:1 ratio where the OAm was
substituted with TOA in one experiment (5:1 TOA:OAc) and another experiment where the OAc
was replaced by ODE (5:1 OAm:ODE). All other reaction conditions were the same.

MW Vessel Type and Stirring Rate Effect. A 0.083 M Ni(acac)y solution made in a
5:1 OAm:OAc V:V ratio mixture (3 ml) was used under similar reaction conditions as described
previously. For the vessel type studies, a 10ml SiC vessel (SiC10) and a 10 ml G10 vessel were used.
For the stirring rate effect experiments, a 0.083 M Ni(acac)z in a 5:1 OAm:OAc V:V solution (3
ml) was added to a G10 vessel along with a 7 mm (L) x 2 mm (D) stirbar. MW reaction program
was modified to set the stirring to different values (6 rpm, 60 rpm or 600 rpm). An additional set
of studies was carried out using the same solution recipe in a G30 vessel with 9 ml of solution and
an 8-cycle 300W heating program. A reaction with no stirbar was compared to a reaction with a

stirbar, and a stir-rate of 600 rpm set on the instrument.

3.2.3 Transmission Electron Microscopy (TEM)

Nanoparticle samples were drop-cast, from toluene dispersion, onto 300 mesh carbon coated
copper grids and left to dry under vacuum overnight. The TEM images were recorded using a

JEM-ARM200cF electron microscope at 200 kV acceleration voltage.

3.2.4 Scanning Electron Microscopy (SEM)

SEM imaging was performed on aluminum mounts with nanoparticles drop-casted directly and
allowed to dry. SEM imaging was performed on a FEI Nova NanoSEM 400 operating at 20 kV

with a spot size of 4.0. The images were collected with an Everhart-Thornley detector (ETD).
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3.2.5 UV-Vis Absorption Spectroscopy

Solution absorption spectra for various precursor solutions and ligands dissolved in different
solvents (toluene, MeOH, deionized water) were taken using a Varian Cary 50 UV-visible spec-

trophotometer between 200 nm and 900 nm in a 1 ¢cm quartz cuvette.

3.3 Results and Discussion

3.3.1 Effect of Nickel Precursor Concentration

Figure 3.1: Effect of Ni(acac)y concentration on multipod morphology imaged using SEM.
Reactions were carried out in a 5:1 V:V OAm:OAc ratio using (A) 0.0415 M, (B) 0.0834
M, (C) 0.167 M and (D) 0.334 M Ni(acac)a.
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One of the important parameters in nanoparticle synthesis is the concentration of the initial
precursor. Concentration controls the rate of nucleation and growth, and the available material
that will affect the final size of the nanoparticles. For an autocatalytic F-W growth mechanism, the
concentration will impact the slow nucleation step and drastically affect the autocatalytic second
step.[18] The results of decreasing the concentration two-fold, or increasing the concentration two-
fold and four-fold from 0.0834 M impacts the nickel multipod structure significantly as shown in
3.1. At a concentration of 0.0415 M, the reaction produces spherical nanoparticles of diameter 44
+ 8.2 nm primarily while at 0.334 M (only 1 cycle 300W instead of 4-cycle 300W) the particles are
also spherical with diameter of 55 (£ 12) nm (figure 3.1). The reaction using 0.083 M produces
multipods with small cores and high aspect ratio (2.2) arms of length 73 (£ 27) nm and width
33 (£ 5.9) nm in comparison to the reaction at 0.167 M that give larger core size multipods with
smaller aspect ratio (1.4) arms of length 87 (+ 21) nm and width of 62 (£ 8.5) nm. The size
analysis of the structures is shown as histograms in figure 3.2. In all cases however, the morphology
of the nanoparticles seems to be quite uniform. It should be noted that in these reactions, while
the concentration of the nickel precursor is changing, the ratio of the two ligands, OAm and OAc in
the reaction is kept the same, and the concentrations for both are still an order of magnitude more
than the nickel precursor even at the highest concentration of metal precursor. This means that the
rate of reaction is significantly affect by subtle changes in the concentration of the metal precursor
and not because the ratio of the precursor to the ligands is changing drastically. The fact that the
reaction rate increases significantly at 0.334 M Ni(acac)s concentration (that only allows 1 cycle
of 300W because of significant ammonia pressure) with the fixed concentration of reducing agent
(OAm at 5.56 M) implies that the nickel precursor is the limiting reagent. Another possibility as to
why the highest and lowest concentrations studied do not lead to multipod morphology is a total
monomer (Ni’) concentration and amount argument. At very low nickel precursor concentrations,
the rate of nucleation is reduced due to a low monomer concentration, and the same low precursor
availability prevents increase in nanoparticle size as the reaction is depleted of precursor. On the
other hand, when the concentration of the precursor is very high, the rate of nucleation increases
and availability of high precursor and monomer concentration in solution leads to rapid isotropic
growth of the nanoparticles (through rapid addition on all nanocrystal facets) leading to spherical

structures.
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Figure 3.2: Size analysis of nanoparticles grown using different Ni(acac)2 concentrations.
(A) Diameter of spherical particles produced using 0.0415 M Ni(acac)z, (B and C) arm
length and arm width distribution of arms on nanoparticles produced using 0.0834 M
Ni(acac)z, (D and E) arm length and arm width distribution of arms on nanoparticles
produced using 0.167 M Ni(acac)z, and (F) diameter of spherical particles produced using
0.334 M Ni(acac)s.

Unfortunately, the rate of reaction using 0.334 M was so high that it was not possible to evaluate
if continuing the reaction for longer would result in multipod morphology at the end of 4 cycles
of 300W power. The results from the concentration study are consistent with literature reports
where kinetic control of anisotropic structures is affected by initial concentration of precursor.[4]
The results of the precursor concentration studies under cycled microwave power show varied mor-
phologies of uniform size, and add another parameter to control morphology of nickel multipod

structures.

3.3.2 Effect of Nickel Precursor Choice

The next parameter investigated to fully comprehend the morphology control of nickel multi-

pods in a fast microwave-assisted heating approach was the choice of the starting metal precursor.
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Skrabalak et. al have shown that in the case of Pd nanoparticles, substitution of the metal pre-
cursor in convective reactions does change the reactivity of precursor.[51] The reactivity in turn
will control how easily the metal ion can get reduced by the reducing agent as well as the ease at
which it can be reduced at the autocatalytic surface of the growing nanoparticle. Another subtle
effect that can take place is the shape-directing effect of the precursor complex ligands during the
reaction after they dissociate from the metal ion or are displaced by the ligands in the solution (in
this case OAm or OAc). For example, Xia et. al have demonstrated the facet-selective affinity of
chloride and bromide ions that leads to control of selective surface growth on facets, edges or cor-
ners of initial nanocrystal seed.[42] As metal nanoparticle shape control using microwave-assisted
heating is not vastly studied, it is justifiable to investigate how such precursors react under fast
microwave heating, especially under cycled microwave power. Another difference between convec-
tive and microwave-assisted reactions is that the precursors used in the reaction can have different
microwave absorption cross-sections which in turn will affect the reaction rates as shown in the
past by the Strouse group.[147] Results from changing the starting precursor from Ni(acac)s to

Ni(acetate)s or NiCly are shown.

Figure 3.3: Effect of Ni precursor choice on multipod morphology imaged using SEM.
Reactions were carried out in a 5:1 V:V OAm:OAc ratio using 0.083 M of (A) Ni(acac)a,
(B) Ni(acetate)s and (C) Ni(Cl)2

In figure 3.3, the formation of multipods is achieved by use of either the Ni(acac)s or Ni(acetate)s

precursor but not in the case of using NiCls which produces a distribution of faceted morphologies
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of a wide size range (100 - 600 nm diameter). Particle analysis in figure 3.4 for the nanoparticles
shows that the acetate precursor produces multipods with arm aspect ratio of 2.36, average length
of 111 (& 18) nm and width of 47 (4 9.2) nm. These arms are larger than those produced using
the acetylacetonate precursor (aspect ratio of 2.2, average length of 73 (£ 27) nm and width of 33
(£ 8.9) nm.
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Figure 3.4: Size analysis of nanoparticles formed using different Ni precursors. (A and B)
Arm length and arm width of multipods formed using Ni(acac)sz, (C and D) arm length and
arm width of multipods formed using Ni(acetate)s and (C) diameter of faceted particles
formed using NiCls

Absorption spectra for the pre-reaction solution for each type of precursor diluted in toluene
shows an identical spectrum suggesting similar complexation upon addition of a 5:1 V:V ratio of
OAm:OAc to the different nickel precursors. This suggests that the reaction starting with NiCls
might release Cl~ ions when the Ni?* ion coordinates with the amine group of OAm and acid

group of OAc. The Cl~ may affect the initial seed morphology and eventual facet stabilization
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of the growing nanoparticle. Generating anisotropic structures is a complex process with multiple
parameters, including precursor choice. Despite heating under cycled MW power, the nanoparticle
morphology is significantly affected by the type of metal precursor. Techniques to isolate and
identify the actual species in the pre-reaction solution and during the reaction would greatly aid in

the understanding of the growth mechanism.
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Figure 3.5: UV-Vis absorption spectra of pre-reaction solution formed using different
Ni precursors (0.083 M) in 5:1 V:V OAm:OAc (diluted in toluene). Spectrum of (A)
Ni(acac)sz, (B) Ni(acetate)y and (C) NiCly

3.3.3 Effect of Ligand Ratios and Types

As shown in Chapter 2 and earlier part of this chapter, the use of a 5:1 V:V ratio of OAm:0Ac
containing Ni(acac)e at 0.083 M results in the production of multipod nanostructures which are
well controlled using cycled MW power. This section focuses on the role of the ligands, OAm and
OAc, in the shape-control of multipods in the microwave-assisted approach. OAm and OAc are two
of the most widely used chemicals in nanoparticle synthesis but their exact roles are still not well

understood when it comes to morphology control. Both structures are 18-carbon compounds with a
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double-bond present in the chain and a terminal functional group (NHy for OAm, COOH for OAc).
Marzan et. al have published a review article on the role of OAm in nanoparticle synthesis where
the use of OAm in different nanoparticle synthesis is discussed.[148] As mentioned in the review,
OAm can act as a high temperature solvent, a mild reducing agent, a capping agent/surfactant,
or either two or all of the roles depending on reaction conditions.[148] In one instance, it was
shown that not only is the amine group important, but also the double-bond present in OAm for

controlling the twinning of gold nanoparticles.[149].

= 20

Figure 3.6: Effect of OAm:OAc ratio on multipod morphology imaged using TEM and
SEM. Reactions were carried out in a in different OAm:OAc V:V ratio while keeping the
Ni(acac)s concentration at 0.083 M. Particle morphology for (A) 1:1 , (B) 2:1, (C) 3:1,
(D) 4:1, (E) 5:1 and (F) 1:0 OAm:OAc ratios. Reaction using 0:5 OAm:OAc ration gave
no product. Note: The reaction for 1:0 required 3 rounds of 300W-4 cycle reactions to
produce a reasonable quantity of product.
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Further understanding of how exactly OAm can reduce the widely used metal acetylacetonate
precursors was shown by Park et. al in an article looking at formation of cobalt nanoparticles. [150]
With the introduction of OAc into reaction systems containing OAm and organometalic precursor,
a number of parameters are modified which affect the resulting nanoparticle structure. Tilley et al.
have shown that difference in binding affinity of OAm and OAc to a palladium surface results in a
change in ability of monomer addition to the nanoparticle surface.[54] When OAc is present, highly
branched Pd structures are formed due to kinetic control that is absent in a system of only strongly
binding OAm. More recently, Yang et. al have suggested that the presence of OAm and OAc will
produce populations of platinum complexes that have different reduction potentials.[52] The study
suggests that acac™ ligands can be substituted by OAm and OAc, and in complexes containing
OAc, the fast surface autocatalytic reduction step is switched off, leading to a slow growth rate.
Unfortunately, the study was unable to identify what exact Pt complexes were formed by MALDI-
TOF MS. Two other articles look at how the pair of OAm and OAc interact with one another
in controlling shaping of oxide nanoparticles.[151, 152] The research work to date in nanoparticle
shape and size control implies the complexity of nanoparticle synthesis and validates the need for
more scrutiny on exactly how two molecules like OAm and OAc can dramatically impact nucleation
and growth kinetics.

To understand the role of OAm and OAc, a series of experiments were carried out where the
ratio of the two compounds were varied while keeping the nickel precursor (Ni(acac)y) constant.
The ratio of OAm:OAc was varied from 5:1 to 1:5 V:V as well as having solutions of either pure
OAm (1:0) or pure OAc (0:1). The molar ratio of each ligand to the Ni precursor ranged from 30:1
down to 6:1 in all cases except the single ligand cases where the ratio (ligand:precursor) would be
38:0. Lastly another two sets of reactions were carried out where the primary alkylamine (OAm)
was substituted with a tertiary amine, tri-octylamine (TOA) in the first case, while in the second
case, the OAc was substituted by 1-octadecene.

Figure 3.6 show the results from the ligand ratio studies using OAm and OAc. Decreasing the
ratio of OAm:OAc from 5:1 that produces multipod morphology, leads to an eventual loss of multi-
pod structure at 2:1 ratio. The ratio of 4:1 and 3:1 do produce multipods, however they are not well
defined and as uniform as those produced using a 5:1 ratio. At 2:1, large faceted Ni nanoparticles

are formed while at 1:1, there is a mixture of irregularly shaped nanoparticles comprising of nickel
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and nickel oxide. Reactions where ligand ratios had higher OAc amounts compared to OAm did
not produce Ni nanoparticles under the same reaction conditions (including time/number of MW
power cycles). This is consisted with the argument that Ni nanoparticle formation requires the
reduction of the precursor by OAm, which is a limiting agent at low OAm:OAc ratios, or that
the precursor complex formed in excess OAc does not get reduced easily as suggested by Tilley et

al.[54]

A (TOA) 5::

B 5:1 (ODE)

200 nm

Figure 3.7: (A) Effect of substitution of the primary amine ligand (OAm) for a tertiary
amine (TOA) and (B) Effect of substitution of the oleic acid ligand (OAc) for a non-
functionalized ligand (1-ODE)on multipod morphology imaged using SEM. Reactions were
carried out using a 5:1 ratio of ligands while keeping the Ni(acac)s concentration at 0.083
M.

Results for a reaction where the OAm was substituted by a tertiary amine, TOA, show that the
morphology of the nickel nanoparticle is completely changed as shown in figure 3.7A. The use of
TOA with OAc produces irregular nanostructures of varying sizes, with some being faceted. TOA
will have a different reduction rate owing to its tertiary amine structure, and possibly have a differ-
ent surface packing structure on the growing nanoparticle alongside the OAc present. The surface
packing would affect accessibility for monomer addition or surface-mediated reduction of precur-
sor. On the other end, elimination of OAc from the reaction leads to loss of multipod morphology
loss as shown in figure 3.7B. OAc therefore is a critical component as well in the synthesis of the
multipods. To further investigate the ligand effects, absorption spectra of pre-reaction solutions

consisting of metal precursor mixed with different ligand ratios were taken (diluted in toluene).
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From figure 3.8, it is clearly evident that the nickel complex formed through addition of Ni(acac)s,

to solutions with different OAm:OAc ratios is not the same.
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Figure 3.8: Absorption spectra of a 0.083 M Ni(acac)y solution made in different OAm:OAc
ratio pre-reaction solution diluted (3x dilution factor) in toluene. Spectra of OAm only,
OAc only, and 1:1 OAm:0OAc in toluene is also shown.

The solvents by themselves (or a 1:1 V:V mixture) do not show any absorption features between
500 nm and 900 nm when added to toluene, but the Ni(acac)y complexes do exhibit features.
Ni(acac)y in pure OAm shows a peak at 600 nm and a possible other peak forming at >900 nm,
while Ni(acac)z2 in pure OAc exhibits a two-peak absorption feature with peaks at 660 nm and 750
nm. Solutions of the Ni(acac)y in ratios of the two ligands show characteristics of the complexes
made in the individual ligands, however the absorption intensities of the peaks were not simply
a weighted sum of the Ni(acac)y complexes in the two individual ligands. This suggests that the

complexes formed in a mixture of OAm and OAc are different.
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Obtaining a spectrum of the Ni(acac)s without any OAm or OAc was possible in polar solvents
like water and methanol. Spectra of the Ni(acac)2 complex in water, in MeOH, as well those formed
in pure OAm, pure OAc and pure TOA with dilution in toluene is shown in figure 3.9. The spectra

of the Ni(acac)z in water and MeOH were background corrected for the respective solvent.
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Figure 3.9: Absorption spectra of Ni(acac)s solutions made with different solvents (water
and methanol (MeOH)). Spectra of Ni(acac)y dissolved in either pure OAm or OAc, and
diluted in toluene is shown for comparison.

From this set of spectra in figure 3.9, it is seen that the Ni(acac)e which is a hydrated complex,
in water shows a two-peak feature centered at 640 nm and 750 nm, similar to that in pure MeOH. A
blue-shift is observed when complexed with OAm while a red-shift is observed when complexed with
OAc. The shift of the 640 nm peak of Ni(acac)s when complexed with TOA is not as significant as
that with OAm, and does appear to be slightly red-shifted. It should be noted here that as these
spectra are collected in different solvents (water, MeOH or toluene), peak shifts can also occur
when absorption spectra are taken in different solvents.[153] Once again, these results suggest that
the OAm and OAc are not merely reducing or capping agents during the reaction, but impact the

reaction system even before the reaction has started.
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It is surprising that the complexation of OAc and OAm on metal precursors and characterization
of the pre-reaction solution to produce nanoparticles has been overlooked considering the extensive
use of these two molecules in the nanoparticle synthesis field. It is known that the thermal stability
of metal precursors will be affected by the ligand groups[154], which is indicative of binding strength
and will therefore also affect reactivity. While the results in this section may not provide a complete
picture, it does reveal details about ligand factors affecting nanoparticle growth that supplement the
knowledge on the topic. The experimental data advocates a greater attention to understanding the
species in the pre-reaction solution if we are to fully understand nanoparticle synthesis pathways.
It would be ideal if the pre-reaction solutions could be analyzed easily and quantitatively with more

than simple absorption spectroscopy.

3.3.4 Effect of Microwave Vessel Type: Glass versus Silicon Carbide

Microwave-assisted heated reactions as shown in Chapter 2 can be more versatile than convectively-
heated reactions as the microwave reactor allows greater control over heating rates and temperature
profiles by the use of modulating microwave power and active air-cooling enabled by the system.
For efficient microwave heating of reactants, a microwave-transparent vessel is preferred. In certain
cases, the use of a microwave-absorbing material like silicon carbide (SiC) for the vessel type in
a microwave-assisted reaction may allow for a more-convective like heating behavior but with the
ability to ramp up the reaction at a much faster rate than using convective heating. The SiC
vessel is not 100% microwave-absorbing however as shown by Ashley et al. but does heat up faster
and reduces the MW field penetration by ~15% compared to a borosilicate vessel (glass).[155] The
effect of using a SiC carbide vessel (that would provide a faster heating rate) on nickel multipod
evolution was investigated. Reactions in a 10 ml glass vessel and a 10 ml SiC vessel under cycled
MW power were compared. The products of the two reactions are shown in figure 3.10.

It can be seen that the reaction in the glass vessel produces multipod structures but the SiC
vessel gave rise to a mixture of morphologies, including spherical particles, multipods with short
arms and a number of large flat sheet-like structures. Reason for the poor size and shape control
in the SiC vessel might be attributed to a thermal gradient created in the SiC vessel from the
hot inner surface of the vessel wall to a cooler region in the center of the vessel due to the high
thermal conductivity of SiC and lower microwave energy penetration into the solution. The thermal

conductivity of SiC would not only heat the vessel fast but allow it to cool down faster in a cycled
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MW power heating experiment. As expected, with a lower MW field penetration into the reaction,
the effectiveness of tip heating via the ’lightning-rod effect’ is reduced in the SiC vessel, leading to

the formation of a majority population of spherical nanoparticles.

Figure 3.10: (A) SEM of multipod structures formed after reaction in a glass MW vessel
and (B) TEM of spherical and sheet-like nanostructures formed after reaction in a SiC
MW vessel. Reactions were carried out using a 5:1 V:V ratio of OAm:OAc while keeping
the Ni(acac)2 concentration at 0.083 M.

3.3.5 Effect of Stirring Rate on Multipod Evolution

The excitement in the field of anisotropic nanoparticles in the last two decades has led to an
in-depth investigation of understanding their growth as summarized in section 1.4.2. As described
earlier and shown in this chapter so far, many factors can influence the morphology of nanostruc-
tures. One factor that is not well studied is the effect of stirring the reaction solution. Some
of the synthesis processes are still not well understood. A handful of papers focus on looking
at the specific effect of stirring or agitation on nanoparticle growth.[56-59] Opposite effects are
seen in the case of nanorods, where Landman et. al in 2013 show high-frequency stirring produces
anisotropic growth of silver nanorods, while Piquemal et. al in 2017 show that stirring rates greater

than 150 rounds per minute (rpm) lead to short aspect cobalt nanoparticles with greater structural
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disordered.[56, 57]. Kaner et. al were the first to show that stirring or shaking leads to nanoparticle
collisions and aggregated structures in their work with polyanaline (PANI) nanofibers in 2006 [59],
while He et. al emphasize that arrow-head palladium tripods only form in unstirred solutions that

allows the formation of a diffusion gradient enabling addition to the nanoparticle tips.[58].

L J
500 nm
(D) 600 rpm

Figure 3.11: Effect of stirring rate on Ni multipod evolution. Particles produced with a
stirring rate of (A) 0 rpm, (B) 6 rpm, (C) 60 rpm and (D) 600 rpm and imaged using
TEM (except (A)). Reactions were carried out using a 5:1 V:V ratio of OAm:OAc while
keeping the Ni(acac)s concentration at 0.083 M.

The diffusion argument in the work by He et. al in 2015 is based off the work by Murray et. al
in 2012 where the shape-directing ability of different metal carbonyls on Pt nanostructures. The
growth of several anisotropic structures using reducing of organometallic precursors with dihydrogen

gas or carbon monoxide (CO) in literature fail to clearly describe whether the reactions were carried
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out under agitated conditions or not. As growth of anisotropic structures are typically carried out
at low temperatures and take advantage of enabling growth off of certain crystalline facets, it
could be presumed retrospectively from the work in Chapter 2 that they were grown under non-
agitated conditions. The results of stirring microwave-assisted reactions that produce Ni multipods
is shown in this section. Reactions carried out in a 10 ml glass vessel using a 5:1 V:V ratio of
OAm:OAc with 0.083 M Ni(acac), under cycled MW power (4 cycles of 300W) using different
stirring rates produce nanoparticles as shown in figure 3.11. The effect of stirring is significant.
As the stirring rate is increased, the formation of multipods decreases and the nanoparticle sizes
get smaller. The structures are all multipods with no stirring, while increasing the stirring to 6
rpm leads to a mixture of multipods with large cores and faceted nanoparticles. At 60 rpm, the
population of nanoparticles consists of some irregularly shaped structures exhibiting overgrowth
and a large population of cubic shaped nanoparticles. At 600 rpm, the nanoparticle population
comprise a range of sizes that contain small spherical particles, irregular shaped particles as well
as some worm-like structures. The observations suggest that stirring the affects the nucleation and

growth process of the multipods.

Figure 3.12: SEM of multipod structures formed (A) without stirbar and (B) with a
stirbar and stirring rate of 600 rpm in a G30 glass vessel using 300W-8 cycle heating
program. Reactions were carried out using a 5:1 V:V ratio of OAm:OAc while keeping
the Ni(acac)2 concentration at 0.083 M.
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Figure 3.13: Effect of stirring on multipod reaction in a G30 glass vessel using 300W-
8 cycle heating program.(A) Arm length and (B) arm width distributions of multipods
synthesized without stirbar. (C) Arm length and (D) arm width distributions of multipods
synthesized with stirbar and a stirring rate of 600 rpm. Reactions were carried out using
a 5:1 V:V ratio of OAm:OAc while keeping the Ni(acac)s concentration at 0.083 M.

Cubic structures formed even at 60 rpm indicate that the stirring does not change the seed
morphology leading to overgrowth and multipod formation but might affect the nucleation rate.
If the nucleation rate is increased by increased atomic collision through stirring, the amount of
metal precursor left for overgrowth is reduced. This would produce more nanoparticles of smaller
sizes. The data collected so far cannot prove whether this is the case, but the question of whether
the stirring inhibits multipod morphology through the ’lightning-rod effect’ is answered through a

second set of experiments carried out in the G30 vessel. The G30 vessel allows the reaction to be
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carried out for longer using an 8-cycle 300W program without the risk of vial rupture. In figure
3.12, multipod formation is observed with no stirring and with stirring at 600 rpm as well. In the
case of the stirred reaction, the multipod structures are however much smaller in size compared to
the non-stirred condition. Size analysis of the multipods for this set of reactions is shown in figure
3.13. The average arm length and arm width for the multipods produced with stirring are 135 (4
30) nm and 52 (£ 12) nm respectively while those for the un-stirred reaction are 228 (4 33) nm
and 51 (£ 8.2 ) nm for arm length and arm width respectively. The multipod arm length under
stirred conditions at 600 rpm is approximately half of the arm length under non-stirred conditions
while the widths are similar. Assuming complete consumption of precursor, the difference in the

sizes imply different number of particles in the two situations.

3.4 Conclusion

While nickel multipod morphology and size distribution is affected by the cycling of MW power,
it is one of the many factors at play in the shape-control of the multipods. To deduce the intricate
details of the growth mechanism and interplay of all factors, analysis of the complete parameter
space is vital. An attempt to fully understand anisotropic Ni multipod growth was made by
investigating the concentration of the metal precursor, the choice of metal precursor, the OAm:OAc
ratio and the importance of each ligand, the MW vessel type, and the stirring rate of the reaction.
Results from the experiments with different concentrations and types of nickel precursor and ligands
suggest changes in the kinetics of the reaction which eventually impacts morphology of the resulting
nickel nanostructure. Very low or high concentrations of the precursor lead to a loss of anisotropic
multipod morphology while the choice of metal precursor complex may add new species to the
reaction mixture that may affect shape evolution. Both OAm and OAc were shown to be essential
in shaping the nickel nanostructures, and their influence in modifying the initial Ni(acac), complex
pre-reaction was noted by absorption spectroscopy which impacted the reaction end-products. A
more convective style of heating and lower MW penetration in the SiC MW vessel in comparison
to glass led to poor morphology control of the multipods. Lastly, the stirring of the reaction
was observed to influence the final size of the multipod structure, but did not inhibit multipod

formation.

77



CHAPTER 4

DIELECTRIC PROPERTIES FOR
NANOPARTICLE-LOADED POLYMER
NANOCOMPOSITES

4.1 Introduction

The development of printable electronics that incorporate components comprised of nanoparti-
cles embedded in polymer matrices requires a uniform nanoparticle dispersion that will not phase
segregate under the printing conditions. The incorporation of nanoparticles (<100 nm) to modify
polymer properties has been an active area of research for more than a decade.[156-162] Research
in the early days focused on the mechanical property enhancements, while more recently the use of
nanomaterials in plastics have attracted attention for electronic applications particularly in flexi-
ble electronic applications. The dielectric properties of nanoparticle loaded plastic can modify the
dielectric properties of polymers for both high and low dielectric applications [163-168] Maintain-
ing low k performance in polymers is critical for insulating electrical interconnects in high-density,
high-speed, and high-frequency microelectronic devices, where increased resistance and capacitive
coupling in the circuit leads to signal delays and electrical cross-talk at interconnects.[164, 166, 169
172] Contact and non-contact printing of modified inks for two-dimensional printing [173], and
adaptation of additive manufacturing based fused deposition modelling (FDM)[174, 175] using
nano-polymer blends [176, 177] require that the composite maintains uniformly distributed spher-
ical nanoparticles to avoid a low percolation threshold, increase the dielectric breakdown strength
and operational frequency which scales with particle loading, and have minimal impact on the
polymer dielectric.[178-180] The impact on the electrical, mechanical, and optical properties of the
polymer depends directly on the material type, surface passivation, and degree of dispersion.

For printed electronics, the dielectric properties of the nanocomposite are critical to maintain the
low-k properties of the polymer.[169] Studies have shown that incorporation of uniform and small-
size nanoparticles in a dielectric insulator matrix such as a polymer, can broaden the operational

frequency range of the polymer dielectric, improve its breakdown voltage strength and electromag-
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netic shielding capability, and improve the mechanical properties as well.[171, 172, 181-184] These
studies have shown that incorporation of nano- to micron- sized particles leads to a rise in the
dielectric constant with increasing particle volume fraction primarily due to phase segregation[185—
188] leading to interfacial polarizations at the particle-polymer interface[187, 189, 190] While the
behavior is accounted for using effective medium theory models, the role of phase segregation is
not predictable in most cases.[191-194]

This manuscript investigates the use of earth abundant nanoparticles (Ni and Fe3O4) in a
known low-k dielectric polymer (polystyrene) to investigate the impact on dielectric properties of
incorporating Ni andFe3O4 nanoparticles sourced from commercial and synthetic methods. The
nanoparticles were loaded into 280 kDa polystyrene at increasing volume fractions and analyzed
through dielectric spectroscopy, electron microscopy, small angle X-ray, and magnetic measure-
ments to evaluate the particle distribution and dielectric properties as a function of loading level.
The study demonstrates that use of synthetically prepared nickel (Ni) and iron oxide (FegOy)
nanoparticles of sizes under 50 nm (diameter) into polystyrene to approximately 50% by weight
outperforms commercially sourced materials. The dielectric properties of the studied nanocom-
posite system show that the properties can be systematically manipulated with incorporation of
up to fifteen volume percent loading when synthetically prepared materials are employed. The
composites exhibit minimal increase in permittivity and loss tangent. The frequency dependent
behavior can be modeled using effective medium theories. The use of surface passivated nanopar-
ticles enhanced the ability to reduce aggregation, allowing uniform blending. The composites were
formed into printable filaments without inducing aggregation as evidenced by SEM cross-section
analysis. Nanoparticle composites that maintain their dispersity in the filaments are adaptable to
FDM manufacturing of flexible electronics.

From an additive manufacturing outlook, the use of well-passivated, smaller nanoparticles leads
to better phase dispersity in the polymer and has a lower probability of clogging print heads
during FDM printing in comparison to larger sized particle. While nanoparticle-polymer composites
using gold, silver and high-k ceramics have been reported[195-197]; the use of earth abundant
materials as used in this manuscript is important if scale-up FDM printing methods are to become

routine for flexible electronics. The results of the current study are believed to be extendable
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to other nanoparticle systems whether for optical properties (quantum dots), magnetic properties

(nanomagents), or high-k applications (ceramics).

4.2 Materials and Methods
4.2.1 Chemicals

Commercial iron oxide (com-Fe3O4) nanopowder 98% (20-30 nm) was purchased from US-
Nano and used without further purification. Polystyrene 280 kDa, nickel nanopowder (<100 nm,
com-Ni) 99%, nickel acetate tetrahydrate (ni-acac), iron (III) acetylacetonate (fe-acac), oleic acid
(OAc), oleylamine (OAm) technical grade 70%, 1-octadecene (1-ODE), tri-octylphosphine (TOP),
n-methylpyrrole, toluene, methanol (MeOH), acetone and chloroform were purchased from Sigma

Aldrich. The materials were used without further purification.

4.2.2 Synthesis of Nanoparticles

Synthetic Iron Oxide (syn-Fe3Q,). Spherical, magnetite (11 4+ 0.9 nm) nanoparticles
passivated by oleic acid/ oleylamine were synthesized by following a previously established route
[198]. In brief, 500 mg (0.00142 mol) of fe-acac was dissolved in 18 mL (0.0547 mol) of OAm
and 20 mL (0.0628 mol) of OAc. The solution was heated to 180 ° C and 2 mL (0.0225 mol)
of n-methylpyrrole was rapidly injected. The temperature was held at 180°C for 30 minutes and
then cooled to room temperature. To isolate the FesO4 from the reaction mixture, MeOH was
added until the solution became opaque, and the resultant nanoparticles were removed by applying
a magnetic field. The magnetically separated FesO4 nanoparticles were re-dispersed in toluene,

re-precipitated by addition of MeOH, and dried under vacuum.

Synthetic Nickel Nanoparticles (syn-NiNPs). Spherical hep-Ni (20 nm) nanoparticles,
passivated by TOP, were prepared by combining 3.0 g (0.012 mol) of nickel acetate, 72 ml (0.23
mol) of 1-ODE, and 12 ml (0.036 mol) of OAm added to a 250 ml round bottom flask. The
solution was degassed under vacuum at 110 °C until no gas evolution was observed and back-filled
with N2. To the solution, 5.4 ml (0.012 mol) of TOP was added and the temperature of contents
increased to 245 °C. NiNPs were observed to begin forming in solution at 200 °C as observed by
the solution color turning black. When the temperature reached 245 °C, the contents were removed

from the heating mantle and immediately cooled to room temperature. The reaction was poured
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into a centrifuge tube and the nickel nanoparticles were precipitated by addition of 10mL toluene
followed by 30 ml of methanol. The resulting solution was centrifuged for 5 min. After removing
the supernatant, the pellet was redispersed in toluene. To precipitate the NiNPs, excess methanol

was added followed by isolation through centrifugation before drying under vacuum.

4.2.3 Nanoparticle-Polystyrene Composite Formation

The nanoparticle-polymer composites were prepared with particle loadings between 0 and 15
volume percent (Table 4.1) by blending chloroform dispersed polystyrene (PS) and nanoparticles
dispersed in chloroform with the assistance of sonication at 40 °C. The polymer composite is formed
by slow solvent evaporation to form a viscous solution, cast onto a flat glass surface to form a film,
and then further dried under vacuum for 24h. To minimize bubble formation in the cured nano-
polymer composite film during the vacuum drying step, a multistep drying procedure is followed,
wherein initially the sample is heated using an oven from 25 °C to 80 °C (10 °C/hr) over 6h, held
at 80 °C for 12 hrs, followed by vacuum drying at 110 °C for 12 hours to fully cure the polymer
composite.

To ensure adequate material for dielectric measurements and cross-section analysis by SEM
imaging, a 8 mm x 1 mm disc is formed from the above nanoparticle-polymer film by punching
5/ 16" inch disks from the polymer composite, stacking four disks and hot pressing in an aluminum

mold at 185 °C degrees at a force of 15,000 pounds for 10 minutes.

4.2.4 Filament Formation

A low volume fraction printable filament for the syn-Ni and com-Ni was prepared by extruding
pre-cast and dried nanocomposite film using a Filabot EX2 Filament Extruder operating at 220

°C. The extruded filament was broken up and extruded 3 times to improve homogeneity.

4.2.5 Transmission Electron Microscopy (TEM)

Nanoparticle samples were drop-cast, from toluene dispersion, onto 300 mesh carbon coated
copper grids and left to dry under vacuum overnight. The TEM images were recorded using a

JEM-ARM200cF electron microscope at 200 kV acceleration voltage.
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4.2.6 Scanning Electron Microscopy (SEM)

SEM EDS imaging analysis of cross-sections of the composite cast-film, pressed discs and ex-
truded filament were performed on cleaved samples mounted onto carbon tape and placed on
45°/90° (Ted Pella 16104) low profile aluminum mount to allow cross-section imaging. The mounted
samples were carbon coated (4 nm) using a Balzers Mini deposition system MED 010 prior to SEM
imaging to prevent charging. SEM imaging was performed on a FEI Nova NanoSEM 400 operating
at 20 kV with a spot size of 4.0. The images were collected with an Everhart-Thornley detector
(ETD), backscattered electron (BSE) detector or an Oxford INCA X-Sight energy dispersive spec-
troscopy (EDS) detector. The BSE mode and EDS mapping were used to identify dispersion of

nanoparticles within the polymer for the lowest and highest volume fractions of nanoparticles.
4.2.7 Thermogravimetric Analysis (TGA)

TGA was performed on a TA Instruments Q50 thermogravimetric analyzer. The samples were
heated at a rate of 10 °C/min from room temperature to 100 °C and held for 5 minutes before
continuing to ramp at 10 °C/min to 550 °C. Measurements were performed under nitrogen to

prevent further oxidation.
4.2.8 Magnetic Measurements

Magnetic properties were studied with a superconducting quantum interference device (SQUID)
magnetometer, MPMS-XL (Quantum Design). Field-dependent magnetization was measured at
300 K, with the applied field varying from 0 T to 1 T and back. Differential Scanning Calorimetry
(DSC). Measurements were carried out at the highest loading levels for the nanocomposite using a
TA Q250 calorimeter. The samples were subjected to a Heat/Cool/Heat experimental procedure:
Ramp at 10 °C/min to 300.00 °C; Ramp at 10 °C/min to 50.00 °C; Ramp at 10 °C/min to 300.00
°C.

4.2.9 Dielectric Spectroscopy

The dielectric spectroscopy was performed on the composite discs (8 mm x 1 mm) on a Novo-
control Impedance Dielectric Spectrometer (Rohde & Schwarz ZVA) and utilized a parallel plate
geometry and an Alpha-A modular analyzer to calculate the capacitance and conductivity of each

sample. WinDETA software provided the calibration protocols and experimentation setup. The
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measurements were taken at 1.5 V, for each frequency, and averaged three times for each data

point. Measurements were taken over 10 Hz steps over the frequency range chosen.

4.2.10 Powder X-Ray Diffraction (pXRD)

The pXRD patterns for Ni nanoparticles and for all volume percent nanocomposites were ac-
quired on a Rigaku Ultima III diffractometer equipped with a Cu-Ka source. Due to the presence
of Fe fluorescence, the Fe3O,4 composites were analyzed on a PANalyticial Xpert Pro (Cu-Ka source
with a filter for removal of iron fluorescence). Data were collected at room temperature, in the 26

range of 10—80°.

4.2.11 Small-angle X-ray Scattering (SAXS)

SAXS measurements were performed between 0.1 to 3.7 degrees (260) in transmission mode on
8mm x lmm discs of the nanocomposite using a Bruker Nanostar instrument with a Cu-Ka source
(A = 0.154 nm). The sample was placed in an aluminum sample holder. Intensity vs. scattering
vector (q) plots, where q = 47 /\sin 6, were generated by integrating over a 1 mm x 1 mm area of

the detector (600 s averaging time).

4.3 Results and Discussion

Using solution blending methods, Ni and Fe3O4 nanoparticles were dispersed in polystyrene
(280 kDa) to achieve nanocomposites containing 0 to 15 volume percent (Table 4.1). A volume
percentage of 15% is approximately a weight percentage of 50%. Higher loadings were not studied,
as the nanocomposite was observed to become brittle above 15 volume percent. Since nanopar-
ticle miscibility in the polystyrene is anticipated to be influenced by the preparative route, the
nanoparticles were selected from a commercial (com) and a synthetic (syn) source. It is important
to note that the commercial sample is a representative sample but does not represent all possible
commercial sources. The sourcing of the com sample was to allow quantities to be obtained at a

cost comparable to synthetic preparative routes for the materials under study.
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Figure 4.1: TEM size and size distribution of (A) com-Fe3Oy4, (B) com-Ni, (C) syn-
Fe30y4, and (D) syn-Ni nanoparticles. A disc of the formed composite used in dielectric
spectroscopy is shown (insert).

Table 4.1: Properties of the nanoparticles and nanocomposites

NP Volume NP M
) Fractions for Diameter Ligand *
Variant . Structure (emu/g)
composites (nm) Mass % "
[emu/mol 10°]
Vi D
0.0137, 0.0266
1 i ’ 16.8+5.6 7.6 M lini 77.4[17.9
Fe:Os (hean, 0.0935, 0.128 onociiie (1721
0.0069, 0.0120, e
0=x0. : s
(2) syn 0.0535, 0.109 11.0+0.9 28 Monoclinic 58.3[13.5]
0.0062, 0.0129, Face Centered Cubic
+
. (3) com 0.0481, 0.105 24.0+3.3 3.66 i) 54.2 [3.18]
0.0049, 0.0115, Hexagonal Closed
4 23.6+3.2 7.43 1[0.059
() sye 0.0459, 0.0847 Packed (hcp) 00591

In figure 4.1, TEM of the isolated nanoparticles, size dispersity plots for the nanoparticles, and

representative 8 mm x 1 mm nanocomposite discs are shown. Analytical data on the nanoparticles

84




including X-ray powder diffraction, 300 K field sweep magnetization susceptibility plots, and ther-
mogravimetric analysis (TGA) data are provided in figures 4.2, 4.3 and 4.4. The studied Fe3O4
nanoparticles exhibit the same crystallographic phase, but comparison of the syn- and com- re-
veal the commercial samples are non-spherical, exhibit aggregation, and are 50% larger (3.5 times
larger volume) in size with a broader size dispersity. The magnetic susceptibility of the com sam-
ple is larger consistent with the size difference.[199-203] The Ni nanoparticles are spherical and
exhibit nearly identical size and size dispersities; however the com-sample is the strongly magnetic
fce-phase, while the syn-sample is the weakly magnetic hep-phase (Figure 4.3).

The surface passivation and ligand content are different between the four samples, as measured
by thermogravimetric analysis (TGA) (Table 4.1). As shown in figure 4.4, the ligand content from
TGA measurements in syn FegOy is 28.0 wt% OA/OAm, com Fe30y is 7.6 wt% polyvinylpyrrolidone
(PVP), syn Ni is 7.33 wt% OAm/TOP, and com Ni has < 3.66 wt% ligand content (ligand is
proprietary). The commercial variants (com-Ni and com-Fe3Q,) featured a lower degree of ligand
bound to the surface in comparison to the synthesized particles.

The observed polystyrene glass transition temperature (Tg) for the nanocomposites at 0 vol%
and at 15 vol% nanoparticle exhibit similar Ty values (Tg = 108 °C) suggesting no impact on
the polymer melting behavior (Figure 4.5). The results are consistent with literature on simi-
lar sized nanoparticles when dispersed in polymer matrices, where no significant change in Tg is
reported.[204-206] The decomposition temperature of the nanocomposite increases with increasing
particle loading as shown in figure 4.6. Consistent with this result previous studies have observed
an increased thermal stability in nanoparticle loaded polymers. [207-209]

Nanoparticle dispersion in nanocomposite. The nanocomposites shown in inset of Figure 4.1 are
uniformly optically dense, exhibit a linear increase in Ms with increasing volume fraction (Figure
4.3), and the pXRD shows a decrease in polystyrenes signal intensity as the concentration of
the nanoparticle increases (Figure 4.7). The distribution of the nanoparticles in polystyrene was
analyzed using small angle X-ray (Figure 4.8) and cross-sectional SEM-EDS analysis (Figures 4.9
and 4.10).
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Figure 4.2: Powder X-Ray diffraction (pXRD) characterization of the nanoparticles. (A)
Fe304 nature of iron oxide (syn and com). (B) Face-centered cubic (fcc) and hexagonal
close-packed (hcp) nature of com-Ni and syn-Ni nanoparticles respectively.
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Figure 4.3: Superconducting quantum interference device (SQUID) magnetic measure-
ment data for the saturation magnetization of the nanoparticles (A) and saturation mag-
netization (M) of the polystyrene nanocomposites as a function of nanoparticle volume
fraction (B). Synthesized nickel particles were of the hcp crystalline variant, which ac-
counted for the ~1 emu/g value.
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Figure 4.4: TGA analysis of surface ligand functionalization on filler nanoparticles used
in study sans matrix showing 28, 7.6, 7.4, and 3.7 w/w% ligand mass for synthesized iron
oxide, commercial iron oxide, synthesized nickel, and commercial nickel respectively.
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Figure 4.5: DSC thermographs for (a) com-Fe3Oy, (b) syn-Fe3Oy, (¢) com-Ni and (d)
syn-Ni nanocomposites at the highest loading level, and (e) pure polystyrene. The data
indicated that there was a minimal change (4 2°C) in glass transition temperature (T)
of the system upon nanoparticle incorporation.

88



100 100
g i o
S 80— comFe,0, € 80+ synFe,0,
g = 12.8 vol% = = 10.9 vol%
& 60 = 9.35vol% o - 535 I"/:
= - 2.66 vol% & 60+ L
o c = 1.20 vol%
o = 1.37 vol% [ = 0.69 vol%
S 40+ ** 0vol% (PS) S 40- * 0 vol% (PS)
" o
& i @
= = © )
. S 20
0_ Wyuieas 0_ ‘-.--
—T T . T r - 1 =~ I — T T
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)
C 100 D 100
< 80-{ comNi & 80 synNi
e = = 8.47 vol%
= 10.5 vol% o
g - :gl% o o = 4.59 vol%
3 60 - - 129 1% S = 1.15 vol%
2 .29 vol% & = 0.49 vol% 3
e = 0.62 vol% 38 - 0vol% “;5) :
ey - 0vol% (PS) 3 40 :
o 40 & 40 :
@ @ H
S 20 S 20
u_ cSane u_ “.....
R T e T — 7777
100 200 300 400 500 100 200 300 400 500

Temperature (°C) Temperature (°C)

Figure 4.6: Thermogravimetric analysis (TGA) of the composite samples in compari-
son to pure polystyrene for (a) com-Fe3Oy, (b) syn-FesOy, (¢) com-Ni and (d) syn-Ni
nanocomposites. TGA of the samples suggests that the decomposition temperature of the

polystyrene is increased to a small extent as the loading level of particles in the composite
increases.

Small Angle X-ray Scattering (SAXS) on the highest and lowest nanoparticle loadings for both
the commercial and synthetic samples were performed to investigate the microstructure of the
formed composites. Of these samples, only the synthetically prepared materials could be fully
analyzed. The nanocomposites formed using syn nanoparticles (Ni and Fe304) show a clear peak

in the I vs. ¢ SAXS plot, which is indicative of ordering of particles on the length scales probed

(27/q).
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Figure 4.7: pXRD patterns for (a) com-Fe3Oy4, (b) syn-FesO4 (c¢) com-Ni and (d) syn-Ni
nanocomposites. The peak at 20° corresponds to the polystyrene matrix which decreases
as the volume percentage of nanoparticles increases.

From the SAXS data the inter-particle spacing (d) can be can be extracted from the length of
the scattering vector ¢ using the lowest angle primary peak (¢*), since d = 27/q*, where d = 2r +2I
(r is nanoparticle radius and | represents the passivant length). In the SAXS data for the syn-Fe3O4
(r = 5.5 nm), ¢* occurs at a q of 0.25 nm~! (d = 25.1 nm) for the 0.69 vol% and a g of 0.565 nm-1
(d = 11.1 nm) for the 10.9 vol%. For the syn-Ni samples (r = 12 nm), at the lowest concentration
(0.49 vol%) no definable ¢* is observed in the ¢ range probed. At high concentration (8.5 vol%)

1

the scattering peak sharpens and occurs at 0.023 nm ™" corresponding to d = 27 nm. The I vs.
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g SAXS plot (Figure 4.8) for the commercial samples (Ni and FesO4) do not show any peaks in
the scattering pattern resulting in the inability to analyze particles distribution. Earlier studies

concluded that phase segregation of the nanoparticles leads to loss of scattering features [210, 211]
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Figure 4.8: I vs. q SAXS data for (A) lowest loading of Fe3O4 (com vs. syn), (B) highest
loading of FesOy4 (com vs. syn), (C) lowest loading of Ni (com vs. syn), and (D) highest
loading of Ni (com vs. syn).

The experimental SAXS data can be interpreted in terms of the degree of dispersion in the
polymer when the particle size is considered. The syn-FezOy4 is 11 nm (r = 5.5 nm) with a shell of
2] < 5.6 nm for the oleylamine (1 = 1.5-2.5 nm([212, 213]) /oleic acid (1 = 2.8 nm[214]) passivating
shell depending on the trans to gauche content in the ligands, surface packing, and degree of
passivation. If the Fe3Oy4 is aggregated, we anticipate an inter- particle spacing (d) between 11
and 17 nm.(65) The SAXS data for syn-FesO, shows at 10.9 vol%, the interparticle spacing is
consistent with a description as being aggregated within the composite.[215] The low concentration
(0.69 vol%) syn-FezO4 sample can be considered on average more disperse based on the larger

inter-particle distance observed in the SAXS data. For the Ni sample, the same conclusion can be
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made since the Ni nanoparticle would be expected to have a minimum inter-particle distance of
30 nm reflecting the syn-Ni diameter 24 nm with a passivant shell of < 6 nm (21). The measured
inter-planar distance of 27 nm in the SAXS data for the 10.5 vol% Ni fits to a model where Ni is

aggregated if we assume the primary peak (¢*) is observed.
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Figure 4.9: Fe Ka SEM-EDS map and line profile scans of nanocomposite discs in various
regions for (A) com-Fe3O4 and (B) syn-FesO4. Dashed white lines at the edges indicate
the boundaries of the samples.

In Figures 4.9 and 4.10, the SEM-EDS images of the nanocomposites are shown to evaluate
the particle dispersity within the composite through elemental distribution. It is believed for the
synthetic samples, the particle distribution is random at low concentration and at higher concen-
trations aggregation arises due to magnetic and electrostatic (Hamaker constant) interactions, in
accordance with the SAXS results. The magnetic interactions should dominate the interparticle
attraction, as reported for Fe3O4 nanoparticles in solution.[216] For the commercial samples poor

solubility results in non-statistical distributions. Attempts to analyze individual particle particle
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boundaries of sample.

spacing were not performed due to available SEM resolution limits, sample thickness, and the
inability to obtain high resolution TEM images of the prepared nanocomposites. In Figures 4.9
and 4.10, the energy dispersive spectroscopy (EDS)-SEM images are shown for the lowest and
highest composition com- and syn-FezO4 and Ni nanocomposites. Back-scattering (BSE) SEM is
available in figure 4.11. Inspection of the SEM line scans and images reveal that aggregation and

sedimentation occur for all types of nanoparticles with increasing volume fraction in the PS
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Figure 4.12: BSE and corresponding EDS data for cross-section of cast films for lowest (i
and ii) and highest (iii and iv) volume fraction of com-FezOy4 (A), syn-Fe3O4 (B), com-Ni
(C) and syn-Ni (D). White lines indicate boundaries of film.

composites with the syn- samples showing lower aggregation behavior overall.

A more thorough analysis of the dispersion of Ni in polystyrene can be obtained by imaging
the concentration dependent sedimentation (Figure 4.10). The com-Ni samples exhibit visible
aggregation (striping) at 0.62 vol%, while the syn-Ni appears to be uniformly dispersed throughout
the nanocomposite range studied.

Multiple possible arguments can be made for the difference in behavior including surface passi-
vation differences and magnetic moment differences between the samples. For the nanocomposites
it is believed the observed aggregation differences in com and syn reflects primarily the difference in
magnetic moment for the samples, as evidenced by the highest magnetic saturation sample, com-

Fe30y4, exhibiting a higher degree of aggregation than the syn-Fe3O4 sample. This is also evident
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in the Ni samples where the fcc structure (com) shows more significant aggregation than the hep

(syn) structure reflecting their respective moments.

4.3.1 Dielectric Properties

0.62 vol % 3.2

. 3-2‘-.\ 0vol % (PS) it
©3.04 e 3.0-

A 8- com Fe,0, B syn Fe;0,
+ 12.8 vol % 3.6 e 10.9vol %
7 - . A 9.35vol % A 535vol %
i m 2.66 vol % 3.4 - ® 1.20vol %
64 . ® 1.37 vol % ® 0.69 vol %
3-2 ] . L]
- . i 0 vol % (PS) R + 0vol % (PS)
W 97 \ 3.0
4 .’¢. —
...‘400. 2.8 M‘-
3"' .“‘1 ..."'Oo..‘. 2.6—%4 ................................. ¥
- BAAAMARSS, ARTIAAAAGELIAA
5. .-#ﬂﬂ--ru.’-‘-.144-1-‘t-+w3r-ﬁ4‘4--+_4§-11;ﬁ§f+;- Vi 2.4 HHHH
T T T T T T 1 : T T T | | T |
10°  10° 10 10° 10° 10 10* 10°
Frequency (Hz) Frequency (Hz)
C =
com Ni D Ay o
3.6 _ * 10.5vol % 3_6 — ® 8.47vol%
A 481vol% \ & A9 Vol X
s ¢ . N\ ® 0.49 vol%

. M ey M
264 - s 3 10 S NI ioce.
R AAans aan anta e dinanandocinman  aants e ] :::‘-Hi--iHH‘t!H-r-'H'-‘LH-erHL-ﬂJH-"-'hu-afi'-‘ ----- i;-_
24 ey 2.4, T T — T ]
10° 10° 10* 10° 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)

Figure 4.13: Frequency dependent dielectric measurements (0.1 Hz — 1 MHz) of the real
permittivity (¢) of (A) com-Fe3Oy, (B) syn-FesO4 (C) com-Ni and (D) syn-Ni nanocom-
posites at different particle loadings.
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The dielectric properties of the prepared nanocomposites were analyzed by measuring the ca-

pacitance of the nanocomposites as a function of frequency to assess the real (¢') and imaginary

(¢”) components of the complex permittivity.[217, 218] In figure 4.13, the frequency dependence of

the real permittivity (€¢') is plotted for the nanocomposites and fit in Figure 4.15 to the Looyenga

model. The imaginary permittivity is shown in figure 4.14 and the loss tangent is plotted in Figure

4.17.
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Figure 4.14: Frequency dependent (0.1 Hz - 1 MHz) measurements of the imaginary
permittivity (¢”) of (a) com-Fe3Oy, (b) syn-Fe3Oy , (¢) com-Ni, and (d) syn-Ni nanocom-

posites.

Real Permittivity. The real permittivity corresponds to the absorptive or storage ability,

and is observed to be frequency dependent exhibiting a lower dielectric value with increasing fre-
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quency and a positive correlation to particle volume fraction in all four nanocomposite systems
(Figure 4.13). The greater increase in the € for the syn-Ni system versus the com-Ni system can
be attributed to the presence of a higher surface passivation level and the polarizable nature of
OAm/TOP for syn-Ni. It has been reported that polarizable functional groups respond to electri-
cal fields and enhances the measured €’ value at lower frequencies.[219, 220] In comparison, pure
polystyrene is frequency independent with a real (¢/) permittivity of 2.45 consistent with reported
values (2.4-2.7).[171, 186, 221]

Earlier nanocomposite studies indicate the dielectric properties of a nanocomposite can be
fit by effective medium theories for well-dispersed nanoparticles in the polymer.[222-226] This is
achieved when the nanoparticle size is on the order of polymer entanglement regime [187, 189] and
the surface passivation leads to miscibility between the phases. The developed dielectric models
can be subdivided into three categories depending on the degree of material-material, material-
host, material-field interactions (Group 1 vs. Group 2), and shape and orientation effects (Group
3).[225] Dielectric models in Group 1 are used for describing the permittivity frequency response
for a non-interacting spherical filler in a matrix. We anticipated that for our nanocomposite system
that uses spherical nanoparticles below 50 nm in a low-k host polymer matrix with low volume
fractions (<0.15), Group 1 models would fit the best. When the nanomaterials aggregate in the
polymer, the dielectric properties cannot be adequately modeled due to the inhomogeneity of the
sample.

Comparison of the fits of the real permittivity data at 1 MHz to the various effective medium
models are shown in tables 4.2 and 4.3. Inspection of the x? values indicate the analyzed Group
1 and 2 models are within the statistical error. Following from the work of M.C. Arajo et. al, the
Looyenga model is used for further analysis and has the lowest x? for the tested models. The real

permittivity (¢') is fit to the Looyenga effective medium theory, where [227-229]

¢ = ((e)"?(1 = vp) + () Pvp)? (4.1)

where €€, and e'f corresponds to the real dielectric constant of the composite, matrix and
filler respectively, and vy corresponds to the volume fraction of the nanoparticle. The Looyenga
model does not make any shape assumptions for inclusions.[227-229] The € for the nanocomposites

is fit to eqn 4.1, as shown in Figure 4.15. The experimental value for vy = 0.0935 of the com-Fe3O4

98



(¢ = 2.26) is below pure polystyrene (¢',, = 2.45) and is believed to be due to the presence of
encapsulated bubbles (¢/ = 1 for air) lowering the observed dielectric value. As such it is treated
as an outlier but is included in the data set as it is within one standard deviation. Form the fit,
the real permittivity for the nanoparticle filler, €, are 9.34 + 1.25 (syn-Ni), 7.46 & 0.78 (com-Ni),
4.12 £ 0.16 (syn-Fe3O4), and 5.69 =+ 0.65 (com-Fe3O4). The values of €} and x? for the alternative
models (Tables 4.2) are available in table 4.3. The larger value for the Ni samples is consistent

with the metallic character of Ni, and consistent with our early analysis of Ni permittivity.[18]
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Figure 4.15: The real permittivity (¢') of different nanocomposite samples as a function
of volume fraction of particles (v¢). Experimental data are the solid symbols while the
dashed lines are fits of the Looyenga model to the data. (A) com-FesOy, (B) syn-Fe3zOy,
(C) com-Ni, and (D) syn-Ni nanocomposites.
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Table 4.2: Equations of various models used to fit dielectric real permittivity data

Model (Group) Equation
EMIW) €= En(l—vp)+ Efvp
Maxwell-Garnett (1) e =g + 3‘Slmvf{ g*f — )
Er+ 28y, — vp(er —'m)
Lichtenecker (1) e = e({i_vf) In(e'y) + (v;) In(e'm))
Sillars (1) . : 3v(ey — £'m)
g =¢&n 1+ (— —)
£r+ 28y,
Maxwell-Garnett (with
. . 3vpy s‘f—s'm
8 — E 1 + T . —= 7: -
interactions) (2) m( 1—vﬂf—§ur}'ln (i—z’;)) 4 E'ft2e'm
Looyenga (2) o = ({Slm)lﬁ(l . vf) g (E'f)l"gvf)g
! ' 1
Yamada (3) R v (e — €'p)
m W&+ (1~ V)€ — )
Van Beek (3) oo g (Emt (=) + €~ Em)
m g+ ML =)y — &)
E oy =8
Bergman (3) g =&, + Effvf ( . (&'m { f) . )
e+ n(e'y, — &%)
E:I
Tinga (3 = Em -
¥+ B ( (&7 —&m) )
TTNE + np( — ') — N Vp (€ — £'m)

£, €m, & and v¢ are the effective real dielectric of nanocomposite, real permittivity of matrix,
real permittivity of filler and volume fraction of filler respectively.
n is a depolarization factor and n' is a shape parameter for models in Group 3 (group denoted

in parentheses)

Ny, and ny are factors corresponding to matrix and filler in the Tinga model
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Table 4.3: Table showing dielectric data model fitting to real component of permittivity

values obtained at 1 MHz using experimental volume fractions, real effective permittivity

values of nanocomposites and the real permittivity of polystyrene.
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Imaginary Permittivity. Asshown in figure 4.16, incorporation of synthesized nanoparticles
into polystyrene exhibits a linear increase in ¢’ with increasing volume percentage. The imaginary
component of the dielectric for polystyrene is negligible[230], and therefore any change in €” reflects
an increasing contribution from nanoparticle absorptivity. The €” value for increasing volume
fraction of com-Ni and com-FesO,4, where significant sedimentation is observed, scales non-linearly,
and can be empirically fit to a power law behavior with n ~ 2. The empirical fit to the power
law is speculated to reflect contributions from the highly polarizable groups present in the PVP
surface passivation layer of the com-Fe3O4. In this case, the passivation layer is non-negligible
and therefore the ¢’ value is anticipated scale as a surface to volume ratio with increasing volume
fraction reflecting the ligand layer and greater interfacial polarization. Further studies are underway

to evaluate the passivant dependent contributions to the dielectric scaling behavior.
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Figure 4.16: Imaginary permittivity (¢”) at 1IMHz as a function of volume fraction for (a)
com-Fe30y4, (b) syn-Fe3Oy4, (¢) com-Ni and (d) syn-Ni nanocomposites with fitting using
a linear (syn- samples) or power law (n=2, for com- samples).
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Loss Tangent. In low k applications, the ¢ (imaginary dielectric) is an important parameter;
however, the loss tangent (tan d. = €/ €’) is also critical as the low-k dielectric capacitance influences
the performance of the electronic component through heating. The loss tangent, tan ., describes
how lossy a material is in terms of dissipation of electrical energy. A low loss material has a tan J.
below 1.[185, 231] The frequency dependent loss tangent (¢”/ €’) for the nanocomposites is plotted
in Figure 4.17. The nanocomposites are low loss materials over the entire compositional range with
the exception of the com-Fe304 nanocomposite. Both com- samples exhibit the largest frequency
sensitivity. At low frequencies, the nanoparticle ligands in the nanocomposite have sufficient time to
polarize which is seen in the upward trend in both ¢’ and €’ (Figure 4.14) as the frequency decreases

to 0.1 Hz.[186, 232] Electrode polarization could also have led to this observed behavior.[233]
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Figure 4.17: Frequency dependent (0.1 Hz 1 MHz) dielectric loss tangent (tand.) of (A)
com-Fe3Oy, (B) syn-Fe3Oy4 , (C) com-Ni, and (D) syn-Ni nanocomposites.
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4.3.2 FDM Filament

To evaluate potential FDM printing compatibility, printable filament (~ 2.5 wt% from TGA
analysis of filament) was produced using the low magnetic syn-Ni and the strongly magnetic com-Ni
nanoparticles embedded in polystyrene. The filament is formed using a heated extruder to process
the film three times yielding a fiber ready for printing applications. Although the fiber was not used
in the printer, the cross-sectional distribution of Ni in the fiber was analyzed by SEM. As shown
in Figure 4.18, the syn-Ni filament looks black to the eye, while the com-Ni filament appears to be
a lighter shade which arises from the better dispersity of the syn-Ni versus com-Ni in the polymer.
Cross-section analysis of the filaments indeed show that the overall nanoparticle distribution is more
homogenous for the syn-Ni than the com-Ni in both, BSE mode and EDS mode. The application

of these fibers for FDM printed low-k insulators in electronic architectures is underway.
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Figure 4.18: Photographs, BSE images and EDS mapping of (A) com-Ni, (B) syn-Ni
nanocomposites filaments.

104



4.4 Conclusion

A systematic investigation into the incorporation of well-characterized monodisperse nanopar-
ticles under 50 nm (diameter) of iron oxide and nickel into polystyrene was carried out in this work.
The results demonstrate that the polystyrenene composite could be a viable candidate for a FDM
printable materials, when the nanoparticles are uniform. The polymer composites are observed
to be well fit to the Looyenga model. The agreement to the Looyenga model reflects the high
dispersity of nanoparticles in the polymer, as evidenced by the SEM-EDS cross section analysis.

The data from the current study suggests that one can load polystyrene with small, monodis-
perse nanoparticles up to 40-50% wt% ( 10 vol%) and still maintain a low k composite system with
low losses even when using a metallic filler like nickel. This is possible when the materials are well
formed and passivated. Unlike certain previous work, our results show that incorporating small
nanoparticles that have higher surface area compared to micron fillers, did not lead to increased
dielectric losses in the nano-composite even when a metallic nickel filler was used. The dielectric
components (¢ and €”) for the nanocomposite decreased with increasing frequency before reaching
a constant value excluding the syn-Ni nanocomposite at the highest volume fraction. As a proof
of principle, nanocomposite filaments amenable to FDM printing were produced and shown to
maintain their nanoparticle dispersions.

The low loss behavior for the nanocomposites over a wide frequency range for the syn- metallic
and metal oxide fillers having small sizes and tight size distributions loaded up to physically at-
tainable limits ( 50 wt%) was surprising. By comparison to literature the syn-materials all show
better performance. The observation of better performance when synthetically prepared materials
with well-defined size, size dispersity, and surface passivation are use as polymer fillers to produce

low k , low loss materials should provide a new strategy for FDM printed technologies.
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CHAPTER 5

ENERGY COUPLING BETWEEN CORE-SHELL
NANOPARTICLES AND RED FLUORESCENT DYE
MOLECULES

5.1 Introduction

One of the main uses of nanoparticles is in optical applications. The nanoparticles can used as
light emitters like quantum dots or can be used as quenchers of light emitted by fluorophores in
the vicinity as shown in the case of small gold nanoparticles. The use of the quenching ability of
gold nanoparticles has found a range of applications especially in the biomedical field where the
interaction of the nanoparticle and a fluorophore can be used to observe turn-on/turn-off events
during the detection of an analyte or during the release of a dye-labeled payload in a cell. The
distance-dependent non-radiative quenching of a fluorophore with a small gold nanoparticle has
proven extremely useful as a biophysical tool for the real-time monitoring of structural changes in
RNA and DNA structures.[77-82] The benefit of using a nanoparticle-dye pair for such applications
over using a dye-dye pair (where FRET mechanism applies) is the ability to increase the interaction
distance well beyond the 10 nm range that FRET can achieve.[15] The nanoparticle can be coupled
to more than one acceptor simultaneously [81], or allow multimodal function where the nanoparticle
can tether a payload while performing its role as a fluorescent quencher.[79] Lastly, the nanoparticle
size can be adjusted to optimize the fluorescence quenching behavior for a particular range of
distances being investigated.[74]

While the benefit of small gold nanoparticles is immense, the ability of small AuNPs to efficiently
quench dyes that emit in the red wavelengths is poor. This is because the absorptivity of gold in
wavelengths above 600 nm drops as the permittivity of the material is lower at those wavelengths
(and the LSPR feature is typically around 520 nm).[15, 234] However, the red wavelength upto
the near infrared (near-IR) wavelength window is the section in which absorption by biological
tissue is minimum, making it a range where optical-based imaging or therapy is beneficial.[97] The

absorptivity of gold nanoparticles can be increased in this region by manipulation of the dielectric
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around the particle. Silica-shelled gold nanoparticles have been shown to have higher absorption
in red wavelengths[235], and the distant-dependent quenching behavior for such particles as well
as zinc oxide-coated AuNPs has been shown to follow a distance™® model consistent with NSET
theory.[92, 93] While this approach could work, to probe biological structures without disrupting
their structure or function, the use of smaller sizes of nanoparticles is preferred. A small nanoparticle
with long-distance quenching behavior that is biocompatible would be ideal. This is possible by the
use of layered core-shell nanoparticles that are designed to absorb more in the wavelengths of interest
such as the therapeutic optical window for biological tissue.[101, 236] While core-shell structures are
being pursued, the quenching behavior of gold-shelled high permittivity cores have not been studied
in great detail to date. One reason for this maybe the challenge in the synthesis of uniform core-
shell structures of small sizes and their characterization.[98-100] Theoretical calculations to predict
the absorptivity of core-shell structures and experimental UV-vis absorption spectra consistently
show that the increase in core permittivity will lead to increase in absorptivity of gold shelled
nanoparticles.[101-104]

In this chapter, the synthesis of a core-shell nickel-gold nanoparticle and its ability to quench red
dyes is shown. The use of a core material with higher imaginary permittivity as described in section
1.5 can be used to increase the absorptivity of a gold-shelled nanoparticle in red wavelengths.[101,
102] Nickel is known to have stronger absorptivity in the red wavelengths while the use of a gold
shell enables biocompatibility and thiol chemistry.[102, 234] The synthesis and characterization
of 3.3 nm Ni@QAu NPs is shown followed by fluorescent quenching studies of 3.3 nm Ni@Au NPs
and 3.5 nm AulNP using two red dyes, ROX and DyLt680. Distance-dependent measurements
were carried out by using dye-labeled double-stranded DNA of various lengths for each dye. The
emission intensity based studied show the higher quenching efficiency of the Ni@Au NPs compared
to the AuNPs, and the quenching behavior fits a inverse forth-power distance curve consistent with

the interaction between a nanoparticle and a fluorescent dye.

5.2 Materials and Methods

99% tetrachloauric acid hydrate (HAuCly.xH320), 99% nickel acetate tetrahydrate, 1-octadecene,
oleylamine (OAm) technical grade 70%, tri-octylphosphine (TOP), toluene, methanol (MeOH),

chlorform, agrose, (50x) TAE buffer, sodium cyanide, glycerol, potassium carbonate, tannic acid,
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bis(p-sulfonatophenyl)phenylphosphine (BSPP), tris(2-carboxyethyl)phosphine (TCEP) hydrochlo-
ride, and sodium citrate were purchased from Sigma Aldrich. The materials were used without
further purification.

CAAKA peptide was purchased from RS Synthesis LL.C and used without further purification.
Fluorescent dye-labeled single-stranded deoxyribonucleic acid (ssDNA) with thiol functionalization
of different lenghts of base pairs (15bp, 30bp, 45bp and 60bp) were purchased from The Midland
Certified Reagent Co. The dyes used for the labeling were ROX and DyLt680 and the sequences
are as follows (5’ to 3’ direction):
(ROX-C6)-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG-(C6-thiol)
(DyLt680-C6)-CGTTCCGTGTGCATACTGAATTCCGTGTTACTCTTGCCAACCTCG-(C6
-thiol)

(C6 thiol)-CGAGGTTGGCAAGAGTAACACGGAATTCAGTATGCACACGGAACG
(ROX-C6)-CGTTCCGTGTGCATACTGAATTCCGTGTTA (-C6-thiol)
(DyLt680-C6)-CGTTCCGTGTGCATACTGAATTCCGTGTTA (-C6-thiol)
(thiol-C6)-TAACACGGAATTCAGTATGCACACGGAACG
(ROX-C6-)CGTTCCGTGTGCATA (-C6-thiol)
(DyLt680-C6-) CGTTCCGTGTGCATA (-C6-thiol)
(thiol-C6)TATGCACACGGAACG

5.2.1 Synthesis of Gold Nanoparticles

3.5 nm gold nanoparticles were synthesized by following a literature protocol by Puntes et
al.[237]. A 150 ml solution containing sodium citrate (2.2 mM), tannic acid (2.5 mM) and potassium
carbonate (150 mM) was added to a round bottom flask at 70°C. A 1 ml solution of 25 mM
tetrachloroauric acid was then injected into the vigorously stirring solution and kept for 5 minutes
before quenching the reaction in an ice-bath. 100 mg of BSPP was then added to the solution and

allowed to stir overnight at room temperature to passivate the surface.

5.2.2 Synthesis of Nickel Nanoparticles

To synthesize the cores, 173 mg of nickel acetate, 7 ml of ODE and 1 ml of OAm were added
to a G30 Anton Paar MW vessel sealed with a silicone septum and snap cap. The solution was

heated at 100° for 30 min under vacuum before injection of 0.45 ml of TOP to the solution. The
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vial was back-filled with nitrogen gas before placing it in a Anton Paar Monowave 300 reactor. The
solution was heated to 250° in 5 minutes and kept at temperature for 8 min before cooling down
to 55°. Nanoparticles were cleaned using magnetic separation in the presence of toluene and excess
MeOH. The particles were sonicated in fresh toluene and magnetically separated after addition of

excess MeOH. This was done three times before drying them under vacuum.

5.2.3 Synthesis of Nickel-Gold Core-Shell Nanoparticles

40 mg of the nickel nanoparticles were added to 10 ml of chloroform in a round-bottom flask
and sonicated till well dispersed. A solution of 85 mg of tetrachloroauric acid, 0.65 ml OAm and
10 ml of chloroform was added to the sonicating solution of nickel nanoparticles in chloroform at
1 ml every 15 minutes. 50 mg of sodium borohydride in 1 ml of cold methanol was added to the
reaction 15 minutes after the last addition of the gold salt. This ensures complete reduction of
the gold precursor. The reaction was let to sonicate for an additional 30 minutes before magnetic
separation. Magnetic separation of the solution as-is led to a fraction of the nanoparticles to be
separated, while a second smaller population of nanoparticles were magnetically separated after
the addition of excess MeOH. The smaller, magnetic fraction of nanoparticles collected showed a
plasmonic feature as expected in the case of a gold-shelled magnetic core, and were used for further

experiments. The larger magnetic nanoparticles lacked a plasmon and were not further analyzed.

5.2.4 Phase Transfer of Nickel-Gold Core-Shell to Aqueous Media

5 mg of the Ni@Au nanoparticles were brought up in a 10 ml centrifuge vial with 1 ml of
chloroform and kept under stirring using a small stirbar. 10 mg of peptide (CAAKA) dissolved in 1
ml of de-ionized water was added to the stirring solution of Ni@Au in chloroform. The reaction was
allowed to stir for 10 minutes during which the nanoparticles phase transferred from the bottom

chloroform solution to the top water layer.

5.2.5 Functionalization of Dye-labeled DNA to Nanoparticles

0.5 nmol of single stranded dye-labeled of a given length (15 bp, 30bp or 45bp)and its compliment
thiol strand in 20 ul of de-ionized water were pipetted into a 0.6 ml Eppendorf tube. The tube
was annnealed at 90° for 2 minutes in an aluminum heat block containing water and allowed to

cool to room temperature before the addition of 2 ul of 50 mM TCEP solution (TCEP allows
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reduction of the dithiol bond in the double-stranded DNA sequence). The solution is allowed to
react for 1 h in dark at room temperature before running the solution through a NAP-5 column
to remove the excess TCEP which can potentially bind to the nanoparticle surface as well. 25
pmol of nanoparticles (in de-ionized water) is then added to the eluted dye-labeled DNA solution.
The nanoparticle-DNA solution is kept to mix in the dark for 48 h after which standard ethanol
precipitation protocol allows clean-up of the nanoparticles. This is performed twice to remove
excess un-bound DNA after which the pellet is brought up in 200 pl of de-ionized water.

5.2.6 Transmission Electron Microscopy (TEM)and Energy-Dispersive X-ray

Spectroscopy (EDS)

Nanoparticle samples were drop-cast, from toluene dispersion, onto 300 mesh carbon coated
copper grids and left to dry under vacuum overnight. The TEM images were recorded using a JEM-
ARM200cF electron microscope at 200 kV acceleration voltage. The EDS analysis is performed
using the EDS detector (EDAX Si(Li) 30mm?) detector equipped on the TEM system.

5.2.7 Powder X-Ray Diffraction (pXRD)

The pXRD patterns for Ni and gold-shelled Ni nanoparticles were acquired on a Rigaku Ultima
IIT diffractometer equipped with a Cu-K source. Data was collected at room temperature, in the

26 range of 10-84°.

5.2.8 Magnetic Measurements

Magnetic properties were studied with a superconducting quantum interference device (SQUID)
magnetometer, MPMS-XL (Quantum Design). Field-dependent magnetization for nanoparticles

was measured at 300 K, with the applied field varying from 0 T to 0.6 T and back down to - 0.2 T.
5.2.9 Thermogravimetric Analysis (TGA)

TGA was performed on a TA Instruments Q50 thermogravimetric analyzer. The samples were
heated at a rate of 10 °C/min from room temperature to 100 °C in an alumina pan and held for 5
minutes before continuing to ramp at 10 °C/min to 600 °C). Measurements were performed under

nitrogen environment.
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5.2.10 X-Ray Fluorescence Spectroscopy (XRF)

XRF analysis of a small amount of the dried gold-shelled Ni nanoparticles was carried out using

a Panalytical Epsilon 3 XRF instrument.

5.2.11 UV-Vis Absorption Spectroscopy

Solution absorption spectra for characterization of materials (dye-labeled DNA, nanoparticles,
DNA-functionalized nanoparticles) and for quenching studies were taken using a Varian Cary 50
UV-visible spectrophotometer between 200 nm and 900 nm in a 0.3 cm quartz cuvette. A solvent

background subtraction was carried out before taking measurments.

5.2.12 Fluorescence Spectroscopy

Solution fluorescence emission spectra for characterization of materials and for quenching studies
were taken using a Varian Cary Eclipse spectrophotometer in a 0.3 cm quartz cuvette. Excitation
wavelength used for ROX was 580 nm (collection from 590 nm to 800 nm) and for DyLt680 was
680 nm (collection from 690 to 900 nm).

5.2.13 Fluorescent Quenching Studies

The emission spectrum of a 55 ul solution of cleaned up functionalized nanoparticles was mea-
sured by absorption and emission spectroscopy before addition of 2 ul 2M dithiothrietol (DTT)
(for Ni@Au nanoparticles) or 2 ul 2M sodium cyanide (NaCN) aqueous solution (for AuNPs with
BSPP functionalization). Note: DTT was unable to completely release the dye-labeled DNA from
the AuNP surface and therefore NaCN was used to etch away the AulNP.

5.2.14 Gel Electrophoresis

Gel electrophoresis was carried out in a horizontal gel box on ice with an applied voltage of 80
V across the terminals (14 cm apart). A 1% agrose gel made using 0.5 g of agrose and 50 ml of 1x
TAE buffer was cast with plastic comb and allowed to set. Once the gel was ready, 1x TAE buffer
was added to the gel box, after which a mixture of 3:1 V:V ratio of nanoparticle solution and 50%
glycerol was pipetted into the wells (20 ul. The gel electrophoresis was started after loading of the
wells and allowed to run for 20 min. Photographs of the gel were taken with a cellphone camera at

0, 10 and 20 min.
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5.3 Results and Discussion

5.3.1 3.5 nm Gold Nanoparticles

Following the method by Puntes et al., citrate-capped gold nanoparticles of 3.5 nm diameter
were synthesized. The weak citrate capping ligand for gold was exchanged with the stronger binding
BSPP ligand that ensured long term stability of the nanoparticles for experiments. The TEM of
the 3.5 (£0.46) nm nanoparticles and the UV-vis absorption spectra are shown in figure 5.1. The
absorption spectra show the characteristic LSPR of gold nanoparticles and the peak maximum for
the citrate-capped AuNPs at 507 nm matched the values by Puntes et al. Upon addition of BSPP,
a red-shift of the LSPR peak to 517 nm due to the change in surface ligand environment was noted.

Gel electrophoresis data of the gold nanoparticles is shown later in 5.9.
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Figure 5.1: (A) TEM of 3.5 nm AuNPs with BSPP functionalization. (B) Solution UV-Vis
absorption spectra of 3.5 nm AuNPs with citrate and BSPP functionaliztion.

5.3.2 Nickel and Nickel-Gold Core-Shell Nanoparticles (Ni@QAu)

The microwave synthesis of nickel nanoparticles using the nickel (II) acetate precursor, OAm
and TOP in 1-ODE resulted in the production of uniform faceted nanoparticles of 22 (£3) nm
diameter (figure 5.2A) that had a saturation magnetization moment of ~15 emu/g and were of face

centered cubic crystalline structure from p-XRD measurements (figure 5.3 A and B). The fraction
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of small plasmonic Ni@Au NPs were found to be of diameter 3.3 nm (£0.7) nm and quite uniform as
seen in figure 5.2B. The formation of such small structures can be attributed to the redox chemistry
between the gold salt and nickel nanoparticles where the higher reduction potential of gold salt to
neutral gold (+1 V) compared to that of Ni?* to Ni® would drive the etching reaction. This redox

process has been observed previously.[238]

2 3 4 &
Diameter (nm)

Figure 5.2: TEM of (A) NiNPs and (B) Ni@Au NPs with respective size distributions (insets).

Results from magnetic measurements of the Ni@Au nanoparticles as shown in figure 5.3C con-
firm the presence of a magnetic material that can be magnetically separated but has a very low
saturation magnetization due to the small core size and presence of a dense diamagnetic gold shell
which reduces the moment. Powder XRD of the Ni@Au nanoparticles shows a strong (200) peak
from the fcc gold shell and the presence of other fcc peaks corresponding to gold and nickel. The
strong domination of the powder-XRD by the gold arises from the heavy-atom effect, where gold
being much higher in atomic mass, can scatter the X-rays much more than a lighter core.[99] Ad-
ditionally, the heavier gold being the shell material is able to mask the inner lighter elemental

core. This has been observed previously and gives an indication of how well the shelling has taken
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place.[236] Additionally, if the sample was a mixture of gold and nickel nanoparticles, the intensity

of the nickel fcc peaks would not be heavily reduced.
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Figure 5.3: (A and C) 300K field-sweep of NiNPs and Ni@Au NPs, and (B and D) p-XRD
of NiNPs and Ni@Au NPs.

The magnetic data for 3.3 nm Ni@Au shows a saturation moment of only 0.4 emu/g which is
much lower than that for a ~4 nm NiNP at 300K (2 emu/g) made by Lee et al.[239]. Unfortunately,
temperature-dependent magnetic measurements were not obtained on the samples for NiNP and
Ni@Au NPs. Analysis of the Ni@Au NPs by EDS during TEM imaging shows the presence of the
both Ni and Au in the sample (figure 5.4). Atomic percentage of the Ni and Au in the sample
was found to be 35 (£5)% and 65 (£7)% which is in good agreement with XRF analysis (35% for
Ni and 60% for Au). Based off the elemental analysis, TEM diameter of the particles, and using
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densities of the elements, the 3.3 nm Ni@Au structure would be comprised of a 2.1 nm diameter
Ni core with a 0.6 nm thick shell of gold. A graphic representing this structure is shown in figure

5.9.
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Figure 5.4: EDS spectrum for 3.3 Ni@Au NPs taken during TEM showing the presence
of Ni, Au, Cu (from TEM grid), O (trace presence in instrument) and C (from grid and
ligands). Quantification of elements was carried out using the Gatan DM3 software that
operates the TEM system.

0.6 nm Au

Figure 5.5: Graphic depicting structure of core-shell Ni@Au particle based off of TEM
size and XRF/EDS elemental analysis data.

UV-vis absorption spectra of the NiNPs and Ni@Au NPs in toluene as seen in figure 5.6 show
the lack of a LSPR feature in the NiNP spectrum in the visible range, but the presence of a LSPR

peak is observed in the Ni@Au spectrum indicative of successful shelling with gold. Although not
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easily distinguishable from a pure gold nanoparticle, the absorption spectrum of Ni@Au shows a

slightly broader LSPR feature and shows higher absorptivity in the wavelengths above 550 nm.

5.3.3 Phase-Exchange of Ni@Au Nanoparticles

Al 10, Bl 104 Ni@Au
5 0.8- 508
5 )
< %
§ 0.6 o 0.6
S 3
£ 04 S 0.4
) w
= 2
< 0.2 02-
0.0~ T T T | 1 0.0 \ T T T 1
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 5.6: UV-vis absorption spectra of (A) NiNPs and (B) Ni@Au NPs in toluene.

Biphasic exchange of the Ni@Au NPs was carried out to make the nanoparticles soluble in water

for DNA functionalization.
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Figure 5.7: Photographs showing biphase exchange of Ni@Au NPs from chloroform to
water using peptide (CAAKA) and UV-Vis absorption spectrum of Ni@Au-peptide func-
tionalized NPs in de-ionized water.
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This was achieved by the use of a peptide (CAAKA) containing an N-terminus cysteine. The
strong affinity of the thiol functional group in the cysteine amino acid can bind to gold surface.
An N-terminus cysteine also contains an amine group that can possibly participate in bidendate
binding of the cysteine to the gold. As seen in figure 5.7, the nanoparticles move from the bottom
chloroform layer to the aqueous layer and maintain the plasmonic absorption feature. The complete
transfer of the nanoparticles from the organic layer to the aqueous layer is indicative of gold-shelled
nanoparticles and not a mixture of gold and nickel nanoparticles. The nanoparticles were cleaned

using ethanol precipitation to remove excess peptide before DNA functionalization.

5.3.4 Optical Properties of Fluorescent Dyes Used in Quenching Experiments
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Figure 5.8: (A) Absorption and emission spectra of ROX dye, (B) absorption and (C)
emission spectra of a ROX dye-labeled 15bp dsDNA in water, (D) absorption and emission
spectra of DyLt680 dye, (E) absorption and (F) emission spectra of a ROX dye-labeled
15bp dsDNA in water.

The two dyes used in the quenching studies are ROX and DyLt680. ROX has an absorption
maximum at 575 nm (extinction of 82,000 cm_lM_l), an emission maximum of 609 nm, a quantum
yield of 0.7 and a lifetime of 4.38 ns.[15] Likewise, DyLt680 has an absorption maximum at 680 nm
(extinction of 140,000 cm~*M~!), an emission maximum of 710 nm, a quantum yield of 0.21 and a

lifetime of 1.68 ns.[15]. The absorption and emission features of the dyes are shown in figure 5.8 A

117



and D. Absorption of 15bp double stranded DNA coupled with ROX and DyLt680 is shown in figure
5.8 B and E respectively, while figure 5.8 C and F show the emission profile for the ROX-labeled
DNA (excited at 580 nm) and DyLt680-labeled DNA (excited at 680 nm) respectively. The dyes
were chosen based on the knowledge that the ability of pure AuNPs to quench red dyes is limited
owing to the poor absorptivity in those wavelengths while the absorptivity of nickel is much higher
in the red wavelengths in comparison to gold. It is therefore expected that a core-shell Ni@Au
nanoparticle with higher absorptivity in the red wavelengths will quench these dyes to a greater

extent than a similar size AuNP.

5.3.5 Gel Electrophoresis

To validate formation of nanoparticl-DNA constructs, gel electrophoresis was carried out with
selected samples. Movement of material in a gel is dependent on the size and charge. Nanoparticles
with negatively charged ligands will move towards the positive terminal and typically smaller sized
nanoparticles move faster than larger bulky structures. In this case, it is expected that nanoparticles
functionalized with long DNA strands will move slower in comparison to nanoparticles with only
short ligands (peptide or BSPP). The negative charged phosphate backbone of DNA allows the
nanoparticles to move towards the positive terminal as well. The results for the gel electrophoresis
are shown in figure 5.9. As expected, all samples for DNA-functionalized Ni@Au NPs with different
lengths of DNA move in the negative direction along with the peptide-functionalized 3.3 nm NiQAu
and BSPP-functionalized 3.5 nm AuNP. All bands appear to move without significant smearing.
The smaller 3.3 nm Ni@Au NPs move faster through the 1% agrose gel when compared to the 3.5
nm AulNPs, and also slightly faster than the DNA-functionalized Ni@Au NPs. Movement of the
Ni@Au NPs and DNA-functionalized Ni@Au indicates that the material is not aggregated. The
dsDNA functionalized Ni@QAu samples are observed to move at a similar rate possibly because the
difference in lengths between samples is not enough to allow significant retardation of the band.[240]
The Ni@Au with ROX-labeled 15bp dsDNA (band 6) and DyLt680-labeled 15bp dsDNA (band 3)

appear to have disappeared because their concentration was low.
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Figure 5.9: Photographs at various time-points of 1% agrose gel loaded with DNA-
functionalized Ni@Au nanoparticles along with peptide-functionalized 3.3 nm Ni@QAu and
BSPP-functionalized 3.5 nm AuNP. The gel electrophoresis was carried out in a 1x TAE
buffer over ice with an application of 80V across the gel box (14 cm length).
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5.3.6 Fluorescence Quenching of ROX and DyLt680 by AuNPs and Ni@Au
NPs

Fluorescent quenching studies to investigate the distant-dependent quenching of a core-shell
nickel-gold nanoparticle in comparison to a gold nanoparticle of similar size were carried out by
attaching a fluorophore (dye) to the nanoparticles using a rigid spacer of known distance. Based
on the Clegg model, double-stranded DNA can be considered rigid for B-DNA under 100 base
pairs (bp).[15] The use of dSDNA has been used routinely by the Strouse group to perform distant-
dependent quenching studies, and these DNA sequences with terminal dye functionalization are
commercially available. In a typical setup, the emission of the nanoparticles functionalized with
the dye-labeled nanoparticles are first taken to obtain the quenched emission signal from the sample.
The dye-labeled DNA is then detached from the nanoparticle by either out-competing the surface-
bound DNA strand with another strongly binding molecule, or by dissolving the nanoparticle using
sodium cyanide. Emission measurement on the sample after detachment of the dye-labeled DNA
is then taken and gives the unquenched signal. This method allows emission from the same sample
before and after quenching, which ensures that the signal is coming from the same number of dye
molecules in both cases. It is assumed that after two rounds of ethanol precipitation clean-up
post-labeling of nanoparticles, the emission signal coming from the samples is from bound dye-
labeled DNA. The quenching percentage can be calculated by taking the fraction of area under the
emission curve for the quenched sample over the unquenched sample and subtracting it from 100%.
Obtaining the quenching at different distances from the surface allow for plotting of quenching
versus distance which can then be fit to a quenching curve. Experiments for the Ni@QAu samples
with dye-labeled DNA were carried out by addition of excess DTT which successfully released the
dye-labeled DNA strands as shown in figures 5.10 and 5.11. The same method unfortunately did
not work effectively with the AuNPs and therefore NaCN was used in the quenching studies. The
absorption and emission data for the AuNPs functionalized by ROX and DyLt680 using different
lengths of DNA is shown in figures 5.12 and 5.13 respectively. It was noted that nanoparticle clean
up procedure for these small nanoparticles after DNA-functionalization led to inefficient recovery
of material preventing use of higher concentration samples. Despite the use of 20 fold excess mols
of dye-labeled DNA during functionalization, loading of the 15bp DNA with either dye was poor

compared to other lengths, which could be due to an issue with the material lots ordered.
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Figure 5.10: Fluorescence emission (A,C,E) and respective absorption (B,D,F) data for 3.3
nm Ni@Au NPs functionalized with different lengths (15bp, 30bp, 45bp) of ROX-labeled

dsDNA pre- and post-DTT treatment.
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Figure 5.11: Fluorescence emission (A,C,E) and respective absorption (B,D,F) data for
3.3 nm Ni@Au NPs functionalized with different lengths (15bp, 30bp, 45bp) of DyLt680-
labeled dsDNA pre- and post-DTT treatment.
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Figure 5.12: Fluorescence emission (A,C,E) and respective absorption (B,D,F) data for
3.5 nm AuNP functionalized with different lengths (15bp, 30bp, 45bp) of ROX-labeled
dsDNA pre- and post-CN treatment.
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Figure 5.13: Fluorescence emission (A,C,E) and respective absorption (B,D,F) data for
3.5 nm AuNP functionalized with different lengths (15bp, 30bp, 45bp) of DyLt680-labeled
dsDNA pre- and post-CN treatment.
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Experimental data from the quenching studies clearly show that fluorescence recovery takes
place upon addition of DTT in the case of Ni@QAu or addition of NaCN in the case of AuNP.
This fluorescence recovery decreases as a function of increasing base-pair length of DNA space as
expected from distant-dependent quenching. The emission data also shows that quenching of ROX
was higher than that of DyLt680 for 3.3 nm Ni@QAu and 3.5 nm AulNP as expected. The results
are more easily displayed in figure 5.14 where the quenching is plotted as a function of distance in

nin.
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Figure 5.14: Quenching efficiency versus distance curves for experimental data for (A)
3.5 nm AuNP and ROX, (B) 3.3 Ni@Au NP and ROX, (C) 3.5 nm AuNP and DyLt680,
and (D) 3.3 nm Ni@Au NP and DyLt680. Dotted lines represent distance™* dependent
quenching curves.

The corresponding distances for dsDNA spacers of 15, 30 and 45 base pairs are 6.8, 11.7 and

17.0 nm respectively.[15] The dotted lines represent a quenching curve fit function of the form:
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Qefr = (5.1)

4
1+(%)

where Qs is the quenching efficiency given in percentage, d is the distance between the dye
and nanoparticle surface, and dg is the 50% quenching distance at which fluorescence intensity of
the dye is 50% quenched by the nanoparticle. It can be observed from the fitting that the quenching
behavior can be fit to an NSET model that follows a forth power dependent behavior with respect
to distance between the nanoparticle and the dye. The quenching function fitted in Igor Pro 4.0
yielded dg of 6.27 (£ 0.31) nm, 4.04 (£ 0.28) nm, 18 (£ 1.4) nm, and 16 (£ 0.55) nm for 3.5 nm
AuNP-ROX, 3.5 nm AuNP-DyLt680, 3.3 nm Ni@Au NP-ROX, and 3.3 nm Ni@Au NP-DyLt680
respectively. The experimental dy values for the 3.5 nm AuNP are slightly below the predicted
value by the size-dependent NSET model: 6.27 nm (experimental) versus 7.97 nm (model) for
ROX, and 4.04 nm (experimental) versus 4.3 nm (model) for DyLt680.[15] The experimental dg
for 3.3 nm Ni@QAu are significantly greater than the values for the corresponding 3.5 nm AulNP
suggesting the absorptive role of the Ni core as well. The imaginary component of the permittivity
(¢') that corresponds to absorptivity is shown in figure 5.15 for both gold and nickel. The values
were obtained from the work by Johnson and Christy.[234] It is clear that Ni has a much higher
absorptivity than that of Au for the range of the red dyes.
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Figure 5.15: (A) Real component of the permittivity for Au and Ni, and (B) imaginary
component of the permittivity for Au and Ni. Values obtained from Johnson and Christy.
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Modification of the NSET model to account for the dielectric of the core-shell Ni@Au nanopar-
ticle predicted dg values of 9.1 nm for ROX and 6.2 nm for DyLt680. These values are greater
than that of AuNPs but still lower than the values obtained from the experimental fit.[15] It is
possible that the experimental shell thickness calculated is not very accurate or that the model
considers absorption to take place within the gold shell only, which might not be the case. Overall,
the core-shell nanoparticles do indeed exhibit higher quenching of the red dyes in comparison to

gold nanoparticles.

5.4 Conclusion

The role of layered dielectric materials to modify the energy coupling between a nanoparticle
and a fluorophore was investigated through the synthesis of a nickel-gold core-shell nanoparticle
that was then compared to gold nanoparticles of similar size in fluorescent quenching experiments.
The Ni@Au NPs were synthesized by the shelling of NiNPs cores by gold salt in organic media that
produced small magnetic and plasmonic nanoparticles. As the nickel core has a high imaginary
component, the absorptivity of a gold-shelled nickel core is expected to increased in red wavelengths,
and therefore fluorescent quenching of red dyes like ROX and DyLt680 are expected to increase
when coupled to Ni@Au nanoparticles in comparison to pure gold nanoparticles. 3.3 nm Ni@QAu
and 3.5 nm Au nanoparticles were coupled to fluorescent dyes, DyLt680 and ROX using different
length (15bp, 30bp and 45bp) dye-labeled double-stranded DNA sequences for quenching studies.
The nanoparticles exhibited fourth-power law distance-dependent quenching behavior monitored
through emission intensity change between coupled and uncoupled states of nanoparticle and dye.
The dg of the Ni@Au particles were indeed much higher than that of the AuNP nanoparticles for
both dyes and the the nanoparticle quenching behavior predicted by the NSET model was close for
the AuNPs, but under-predicted the quenching efficiency of the Ni@Au structures. Reconsideration
of the absorptivity of the nanoparticle to include a higher absorption by the core and repeated
experiments with possibly different core-shell sizes would help elucidate the difference between the

predictive model and experimental results.
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CHAPTER 6

CONCLUSION AND OUTLOOK

This research work investigated the synthesis of different nanoparticle systems, the factors that
govern their shape and size control which included the influence of microwave energy in promoting
faster anisotropic growth. The interaction of these synthesized nanoparticles with electromag-
netic radiation was investigated through their incorporation in a dielectric nanocomposite and as
quenchers of fluorescent dye molecules.

Chapter 2 investigated how changing the delivery of microwave power from a continuous variable
amount to a cycled manner enabled the faster anisotropic growth of nickel multipod arms. The work
showed that high-power short-pulses of microwave energy was efficient in creating high aspect ratio
arms and promoted more uniform size distributions. The results support a proposed ’lightning-rod
mechanism’ where the overgrowths of the enlarging nanostructure get much hotter than the rest
of the nanoparticle surface during microwave power cycling, promoting faster autocatalytic growth
at the tips. The implication of this study suggests that cycled microwave power could provide a
faster, efficient and reliable route to creating anisotropic multipod nanostructures. The anisotropic
Ni multipods show very high surface area, exhibit aspect ratio coercivity and are currently being
used in a collaborate catalysis study. The ’lightning-rod effect’ is a matter-electromagnetic wave
interaction not specific to a single material, and would apply to other important materials such as Fe,
Pd, Pt (for catalysis), Au (for plasmonic-related applications and SERS) as well as hard-magnetic
materials where shape anisotropy is quite significant for coercivity. Growing other anisotropic
nanostructures using a pulsed microwave energy approach would be the future direction for this
research.

Chapter 3 expanded upon the understanding of multipod growth mechanism. As it is known
that anisotropic nanoparticles can be grown through convective routes through the manipulation
of a number of factors, this chapter investigated how such factors would influence the growth of
multipod structures under microwave-assisted heating under a power cycling mode. The growth

of anisotropic metallic nanomaterials using microwave-assisted heating is not vastly studied, and
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this chapter delved further into the topic. The effect of changing the metal precursor type, metal
precursor concentration, ligand ratios and types, as well as stirring rate is shown to affect the evo-
lution of the multipod structure. The experimental results from the metal precursor concentration
studies show that nucleation and growth kinetics are affected to the extent that nanoparticle shape
is affected. Concentration of metal precursor therefore provides another handle to control shape.
By changing the ligand ratio of oleylamine and oleic acid, the nickel nanoparticle shape is also
modified, possibly due to the formation of different starting precursor complexes as observed in the
UV-Vis absorption spectra pre-reaction. The ligands in solution therefore not only act as reducing
agents and capping agents, but interact with the precursor and produce a complex at the begin that
can behave differently. Two other parameters were investigated: microwave vessel type (SiC versus
glass) and the stirring rate. The SiC being a better microwave absorber than glass, led to poor
multipod formation, producing a mixture of sheet-like structures and spherical nanoparticles. This
could potentially arise from the differential temperature at the hot SiC vessel walls versus the inte-
rior. Stirring of the reaction solution that produces multipods was seen to disrupt the anisotropic
growth process. However the reaction in the larger microwave reaction vessel showed that even with
a high stirring rate, multipods could be formed, but of a smaller aspect ratio than those without
any stirring. The experiments in this section show that multipod evolution is a complex process,
and can be drastically affected through small perturbations. This further supports the argument
that reactions conditions that produce multipod structures for a certain material may not always
easily translate to other materials, and may need an optimization of multiple parameters. The next
steps for the research work in this chapter would be an in-depth investigation of how stirring affects
the nucleation and growth process of the Ni multipods, and in developing a predictable model on
how to control anisotropic growth of a material.

Chapter 4 focused on incorporation of small metallic (hcp Ni and fce Ni) and/or magnetic (fcc
Ni, Fe3O,4) nanoparticles in a dielectric polymer (polystyrene), and investigated how the physical
properties (dielectric, magnetic, thermal stability) of the material can be tuned. Such nanocompos-
ites materials have applications in 3-D printable dielectric material and light-weight EMI shielding.
The properties of nanocomposites incorporating well-characterized synthesized nanoparticle fillers
versus nanocomposites incorporating commercially available nanoparticles were compared. The

composites with different loading level of nanoparticle filler were shown to exhibit low k and low
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loss properties in all cases even at high loading levels (50%) except the system with commer-
cial Fe3O4 nanoparticle filler. This was attributed to the incompatible and highly polarizable
PVP ligand that passivated the commercial Fe3O4 nanoparticles. By fitting the dielectric data
(real component of permittivity) of the nanocomposites as a function of volume fraction to ex-
isting effective medium theory models, it was possible to find the dielectric constant of the filler
nanoparticles and show that the systems can fit models where particle-particle interaction is not
present. The dielectric losses (imaginary component of permittivity) as a function of volume frac-
tion show that the nanocomposities with synthesized nanoparticles show lower losses that scale
linearly with loading level while the commercial nanoparticle-filled nanocomposites show higher
losses that scale as a power law (n = 2). Particle distribution analysis using SEM revealed that
the composites with higher saturation magnetization had a tendency to aggregate during solution
casting of nanocomposite films, however the SAXS data suggests that the composites with synthe-
sized nanoparticles have some ordering with the presence of peak features in the SAXS unlike the
nanocomposite materials with commercial nanoparticles that showed featureless SAXS patterns.
The layered nanocomposite structure (formed from the stacking of 4-5 cast films)used in the dielec-
tric spectroscopy studies does not critically affect the response of the material. The results show
that using high-surface area nanoparticles in a polymer can still allow maintenance of low-k and
low loss properties while incorporating magnetic and thermal stability benefits. Evaluating the
EMI shielding, dielectric breakdown strength and printability of these nanocomposites is the next
logical step. Additionally, developing EMI shielding nanocomposites with anisotropic magnetic Ni
multipod filler material would improve the electromagnetic shielding ability from shape-effects and
possibly allow the tuning of shielding effectiveness in different frequencies ranges.

The interaction of small core-shell nanostructures in a surface transfer energy process was inves-
tigated in Chapter 5. This was achieved by the synthesis of 3.3 nm diameter nickel-gold core-shell
nanoparticles which were then coupled to a red dyes, ROX (emisson max 609 nm) and a far-red dye,
DyLt680 (emission max 710 nm) using different lengths of double-stranded DNA. Characterization
of the core-shell structure by UV-Vis spectroscopy, XRD, EDS/XRF magnetic methods and ligand
exchange indicate the formation of a gold-shelled nickel nanoparticle. The quenching studying using
fluorescence emission intensity changes between a conjugated dye-nanoparticle system and a non-

conjugated system achieved using cyanide etching of the nanoparticle showed distant-dependent
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quenching behavior. The results show a fourth-power law (with respect to distance) surface-energy
transfer behavior for the core-shell structures, and the quenching efficiency was much higher than
a solid gold nanoparticle (3.5 nm). The dg for the 3.3 nm nickel-gold nanoparticle was found to be
~18 nm for the ROX dye while that for the DyLt680 was to be ~16 nm. These values are much
higher than that of a 3.5 nm gold nanoparticle that had values of ~8 nm for the ROX dye while
that for the DyLt680 was to be ~4.3 nm. The higher absorptivity of the core-shell structure with
a core comprising of nickel is anticipated as the absorptivity of nickel in the wavelengths above
600 nm is higher than that of gold, known from the dielectric data for the two materials. The dg
values for the gold nanoparticle are close to that predicted by the size-dependent NSET model but
the values of the core-shell structure are under-predicted with the modified size-dependent NSET
model that uses the dielectric of a core-shell structure. This under-prediction might arise as the
model still assumes that the non-radiative transfer primarily takes place to only the outer gold shell.
[15] It is possible that the core absorptivity is not accurately modeled or that the experimental
thickness of the thin gold shell is inaccurate. A better approach to evaluate the accurate quenching
behavior would be to use fluorescent lifetime analysis. However if the quenching efficiency of the
core-shell structure is high, the shortened lifetime might be a challenge to detect without a fast life-
time system. Furthermore, studies with use of different core-shell ratios and use of different metal
core-materials would expand the scope of the project and provide a more robust set of results to

validate the distant-dependent behavior for core-shell nanostructures.
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