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Abstract

Synthesis and Surface Engineering towards Complex Nanomaterials

Ryan Kastilani

Chair of the Supervisory Committee:
Weyerhaeuser Professor Lilo D. Pozzo
Department of Chemical Engineering

From the self-cleaning properties of the lotus leaf to smartphones that have hundreds of millions
times more processing power than computers that sent mankind to the moon, the importance of
nanotechnology is beyond dispute. Throughout the last couple of decades, the ever increasing
demand for technology have driven not only the quest for new nanomaterials, but also efficient
ways to produce them. In this work, novel methods towards producing complex nanomaterials is
presented: from molecules to product. In the first part, a method to synthesize quantum dots
(QD) from molecular precursors using ultrasound, in an emulsion system under controlled
temperature, is presented. This method offers remarkable temporal control, leading to on-demand
synthesis of QDs, and has 10x production capacity compared to the typical single-phase
sonochemical synthesis of QDs. In the second part, a general bottom-up method to assemble two
different kinds of nanoparticles together by engineering the nanoparticle surface is presented,
which opens the path towards scalable production of multifunctional nanomaterials. Finally, a
specific application of surface engineering and particle assembly is demonstrated in the context

of reducing the brittleness of ceramic membranes for energy storage applications.
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Chapter 1. INTRODUCTION AND THEORY

Nanoscience and nanotechnology is the understanding and application of matter that are
less than 100 nm in at least one dimension. At this length scale, unique physical and chemical
properties arise due to quantum mechanical effects that begin to dominate over classical physical
descriptions. It is also the scale in which surface and interfacial properties dominate over bulk
properties due to the rapidly increasing surface area to volume ratio. Nanoscience has always been
around us, ubiquitous in nature long before its conceptualization by humanity. The lotus leaf is a
classic example, where its self-cleaning feature arises from hydrophobic protrusions or surface
roughness in the nanoscale.! Throughout the last couple of decades, nanotechnology has found
applications in various fields, including electronics, medicine, renewable energy, and
environmental remediation, among others. Yet, the constant quest for new materials and
technologies has led to continued research in nanoscience. It is an exciting avenue and there is still
much to be explored and discovered. The rest of this chapter is dedicated to establishing

fundamental concepts and the motivation for this whole body of work.

1.1  PARTICLE INSTABILITY

Particle stability refers to the ability for the particles to remain suspended with each particle
maintaining its original geometry. Stability is kinetic in nature, rather than thermodynamic, since
there exists a state with a lower free energy in which the particles do not maintain stability. Stable
particles are in a local thermodynamic minimum and remain stable if there is a sufficient energy

barrier preventing the system from reaching the global minimum. Thus, if a dispersion is called



stable, it is important to know the time scale of this stability. There are many mechanisms of
instability: phase separation, aggregation, coalescence, and Ostwald ripening among others. If a
dispersion is called unstable, it is important to know the process through which instability occurs.
Most often, dispersions are in a gravitational field, which can result in phase separation depending
on the difference in density of the particles to that of the surrounding medium. If the density of the
particles is smaller than the medium, creaming may occur, where the particles float towards the
top. If the density of the particles is larger than the medium, sedimentation may occur, where the
particles sink to the bottom. For a spherical particle, the rate at which particles sediment obeys

Stokes’ Law of creeping flow:

2a2(Ap)g

where a is the particle radius, 4p is the density difference between the particle and the surrounding
media, g is the gravitational acceleration, and u is the viscosity of the surrounding media. If the
particles are sufficiently small, the phase separation may not be observed due Brownian motion,

random thermal diffusion of the particles. The net velocity for spherical particles is given by

kT dinn

UBrown = " emna dx (1.2)

where k is the Boltzmann constant, T is the temperature, n is the local particle number density,
and x is the distance of travel. Sedimentation velocity is proportional to the square of the radius of
the particle (eq 1.1), while the net velocity due to Brownian motion is inversely proportional to the
particle radius (eq 1.2). In other words, as particles become smaller, the random thermal effect of
Brownian motion begins to dominate over the gravitational pull on the particles. At steady state,

there is a balance between these two forces and there exists a distribution of particle concentration:

14



33
d®(4p)g z]

— (1.3)

n(z) = nyexp [

where n, is the number concentration of particles, d is the particle diameter, and z is the distance
from the bottom of the container.

While randomly diffusing in dispersion, particles may come sufficiently close to each
other, and attractive van der Waals forces may cause them to aggregate or coalesce, depending on
whether particles are solid or fluid. Aggregation is the process in which particles ‘stick’ together
to form a larger structure. For example, two spherical gold particles may aggregate together to
form a dumbbell-shaped particle. These dumbbells may, in turn, aggregate with any other particle
in dispersion to form even larger structures. On the other hand, coalescence is the process in which
two fluid particles merge together to become a single entity. For example, two oil droplets in water
may come together to form one larger droplet. Unlike aggregation, coalescence reduces interfacial
area between the dispersed phase and the media.

Ostwald ripening is the process in which larger particles become larger, while smaller
particles shrink until they completely disappear. Molecules from the smaller particles diffuse
through the media and add to the larger particles. This occurs as a consequence of the Kelvin effect,
where compared to a bulk material, smaller particles have larger vapor pressure, or in this case,
higher solubility. The Kelvin Equation describes how the saturated vapor pressure changes as a

result of a curved interface, and hence, as function of size:

Pr = Poo €xp () (1:4)

where p,, is the vapor pressure at a flat interface, o is the interfacial tension, V is the molar volume
of the curved material, a is the radius, R is the gas constant, and T is the temperature. For solubility,

the vapor pressures in eq 1.4 are simply replaced by solubility. Similar to coalescence, Ostwald

15



ripening reduces interfacial area. However, unlike coalescence, Ostwald ripening requires a finite

solubility of the dispersed material because of its diffusive nature.

1.2  INTERPARTICLE INTERACTION AND PARTICLE STABILITY

As particles diffuse in dispersion, they will undoubtedly come in proximity with each other
and start to feel the effect of van der Waals forces. Van der Waals interactions are molecular in
origin, but Hamaker showed that the van der Waals interaction between two macroscopic objects,
such as flat plates or colloids, can be obtained by integrating pairwise interaction between all
molecules in one body and those in another.? For two spheres, the potential energy between the

two bodies is given by

A [ 2a1a2 2a1a2

Py = — 2
vaw 6 Ls2+2a:8, ' S2+2a,S0+2a,S0+4aqa;,

l( S&+2a1S9+2a,Sy )] (1.5)

S§+2a150+2a250+4a1a2

where A is the effective Hamaker constant, a; and a, are the radii of the two particles, and S is
the distance of closest approach. The Hamaker constant is not a true constant, but rather a measure
of van der Waals strength for a particular bulk material. The effective Hamaker constant used in
eq 1.5 takes into account the surrounding medium and can be computed from the Hamaker constant
of the individual particles and that of the surrounding medium in vacuum. For the interaction

between particles P dispersed in medium M, the effective Hamaker constant can be estimated by>

Apyp = App + Aym — 24/ AppAum (1.6)
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where Ap and A, are Hamaker constants of the particle and the medium, respectively. The
effective Hamaker constant between two particles with the medium in between can be thought of
as two particles displacing the medium in the space occupied by the particles, and the cross term
in eq 1.6 is simply the geometric average of the two pure Hamaker constants. Note that Apyp 1s
always positive given positive values of App and A, and the negative sign in eq 1.5 means that
van der Waals interaction between two particles of the same type are always attractive.

With particles getting attracted to each other, one would expect to observe rapid
aggregation or coalescence, and yet this is not the case due to charge separation at the interface of
particle and media. Particle charging may be innately due to the particle itself, or due to molecules
that exist on the surface of the particles. Regardless of the mechanism, electrostatic repulsion due
to these charges on the particle surfaces is responsible for particle stability against aggregation or
coalescence. The expression for the potential energy between two particles due to particle charging

can be derived from the Poisson Equation* and by applying the Derjaguin approximation:®
64manc kT
dp —K—°°t h2( s )exp( kSy) (1.7)

where a is the radius of the particle, n.is the total ion concentration in the bulk solution, z is the
valency of ions in solution, e is the electron charge, 15 is the surface potential relative to the bulk

solution, and k is the Debye parameter defined as

2e“z“n
K = /—°° (1.8)
€egkT

where € is the dielectric constant of the medium and €, is the permittivity of vacuum. The sum of
the potentials arising from van der Waals attraction (eq 1.5) and surface charge repulsion (eq 1.7)
gives the total potential between two particles and is known as the DLVO theory*, named after the

pioneers in this area: Derjaguin, Laudau, Verwey, and Overbeek.
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The Debye parameter (eq 1.8) can be thought of as a measure of ionic strength of the
medium. lons screen electrical potential and thus reduce the electrical repulsion between particles
(Figure 1.1). At 1 mM or 10 mM, the potential energy as a function of energy shows a typical
‘DLVO curve’, where electrostatic repulsion dominates at larger distances and van der Waals
attractions dominate at smaller distances. In order for colloids to aggregate or coalesce, the
particles must overcome the energy barriers established by electrostatic repulsion. In the absence
of other stabilizing forces, under energy barriers less than a few kT, particles will typically
undergoe rapid aggregation as they have good probability to overcome this energy barrier. At 100
mM of salt concentration, there are enough ions in solution to completely screen out electrostatic
repulsion and the dispersion will undergo rapid aggregation. Note that even with large energy
barriers, van der Waals attraction will eventually dominate at shorter distances, and hence stable
colloidal systems are not thermodynamically stable (i.e. in a global minimum). Instead, they are
stable kinetically because the particles have a low probability to cross the stabilizing energy
barrier. The probability can be sufficiently low such that particles are stable for most practical
purposes. For example, colloidal gold synthesized by Michael Faraday over 150 years ago are still

stable today and can be observed in The Royal Institution in the United Kingdom.
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Figure 1.1: Example of DLVO plots for different monovalent salt concentrations.

In addition to salt concentration, another important parameter is pH. This is especially
important when the origin of particle charging is sensitive the pH of the solution. For example,
silica particles have hydroxyl groups on the surface, and their charge depends on the pH of the
solution. Below pH 2, the hydroxyl group tends to be protonated to form —OH>", and above pH 2,
the hydroxyl group tends to be deprotonated to form —OH". At pH ~2, the hydroxyl groups balance
between protonated and deprotonated states, and the surface carries no net charge. The pH at which
the particle surface is uncharged is called the point of zero charge (PZC). Similar but different, the
isoelectric point (EIP) is the pH in which functional groups are uncharged. In the absence of
adsorbed ions on the particle surface, the PZC is the same as the EIP.

Particle surfaces may be modified to destabilize, enhance stability, or engineered in a way
such that they assemble into desired structures. For example, gold nanoparticles, synthesized by
the Turkevich method® in water, have adsorbed citrate ions as the capping agent for a large negative
charge. The system can be destabilized by putting alkane thiols into the solution.” Thiol groups

attach onto the surface of gold particles, displacing adsorbed citrate ions. The hydrophobic alkyl
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chains induce hydrophobic attraction, and the particles rapidly aggregate. Alternatively, the
stability of the gold nanoparticles can be enhanced by putting polyethylene glycol-thiol (PEG-
thiol) into the solution. Similarly, thiol groups bind to the surface of the gold, and the surface of
the gold is now covered with a dense polymer adlayer. The achieved stability was theorized by
Fischer® in the following way. When two particles approach each other, polymer chains from both
particles would interpenetrate each other, pushing water out of the way, which introduces osmotic
pressure because of the high concentration of polymer chains in the interpenetrated region.
Osmotic pressure pushes water to flow into the area, thus pushing the two particles apart. If the
particles approach even closer together, there will be an elastic recoil as the polymer adlayer from
one particle is squeezed against the surface of the other particle. By using both alkane thiol and
PEG thiol, Larson-Smith balanced hydrophobic attraction and steric repulsion of alkane thiols and

PEG thiols, respectively, to control clustering of gold nanoparticles into a desired size.’

1.3  REDUCING AGENT MEDIATED AND SONOCHEMICAL SYNTHESIS OF

NANOPARTICLES

The synthesis of nanomaterials can be classified as either top-down or bottom-up. In the
top-down approach, a bulk material is ‘chiseled’ into the desired nanostructure. An example is
lithography in semiconductor manufacturing, where a protective mask is put on certain areas, and
unprotected areas are etched away. There are several disadvantages to top-down manufacturing.
First, feature sizes are limited to about 10 nm, as determined by the electron beam and metal grain
size. Second, the structures are limited to 2-D planar architecture, while certain desired properties

such as plasmonic coupling are stronger by having 3-D structures. Third, top-down processes are
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expensive and inherently wastes large amounts of material.® Nevertheless top-down processing is
still the gold standard in computer chip manufacturing due its extremely high precision. The
bottom-up approach offers a more economical path, where nanostructures are built up from smaller
pieces. Molecular precursors are used to synthesize nanoparticles, and these particles in turn are
assembled together to form more complex structures. Assembly can be achieved by tuning the
governing forces of these particles: surface engineering, environment modification, or through the
application of an external field. For example, Larson-Smith modified the surface of gold

nanoparticles using alkane thiols and PEG thiols to create clusters of nanoparticles of desired size.’

Xi aligned conjugated polymers using electric fields to improve organic electronic performance. '
Bottom-up approaches are more scalable because they often can be solution processed. Research
efforts have been dedicated to better control these bottom-up processes. After decades of research,
many different techniques have been developed to synthesize nanomaterials with various sizes,
shapes, and compositions. Discussing each of them in detail is beyond the scope of this thesis.
Herein, the focus is on concepts and techniques that pertain to the works that will be presented:
chemical reduction of metal salts and sonochemical methods.

Metallic nanoparticles are commonly synthesized by reducing metal ions with reducing
agents such as citrate or sodium borohydride. After reduction, uncharged metal atoms precipitate
to form nanoparticles with controlled shape and size. A classic example is the Turkevich method
to synthesize gold nanoparticles, which was first demonstrated in 1951.° In this method, water,
gold chloride and sodium citrate are vigorously stirred and heated to boiling. Citrate is a weak
reducing agent, but at high temperature, it can reduce gold ions to form gold nanoparticles. The

size of the resulting nanoparticles can be controlled by tuning the ratio of gold chloride to citrate,

with more citrate resulting in smaller particles.!! Although the mechanism is complex, involving
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nanowire intermediates, and debated even as recent as 2015,'2"!5 the procedure is simple to create
monodisperse gold nanoparticles. Other metals salts and reducing agents are used to create metallic
nanoparticles of various sizes, shapes, and compositions.

Another method to synthesize nanoparticles is to use ultrasound. Sonochemistry, the
application of ultrasound to drive chemistry, has generated great interest over the last decade.
When ultrasound is applied to liquids, the acoustic waves generate alternating compression and
expansion of the liquid and this can lead to the formation of transient bubbles'¢. These bubbles can
oscillate under the acoustic wave, accumulating energy and growing larger, until it reaches a
critical size that is resonant with the incident acoustic wave. At this point, the bubbles cavitate,
rapidly releasing the stored energy and producing incredibly high temperatures (~5000 K) and
pressures (~500 atm) locally.!” The advantage of this method is that not only bulk heating of the
entire medium is unnecessary, but these localized extreme conditions allow access to unique
chemistry that would otherwise be impossible.

Suslick and coworkers first demonstrated sonochemical synthesis of amorphous iron from
iron pentacarbonyl.'® The extreme conditions brought about by cavitation decomposed the organic
constituents to release the metallic atoms. Metal carbonyls have an oxidation state of zero, and
readily precipitate after the organic constituents are decomposed. If stabilizers such as oleic acid
are also included, iron colloids are obtained instead.'® Reactions that start from carbonyl precursors
are typically carried out in non-ageuous solvents such as hexadecane. Alternatively, it is also
possible to synthesize nanoparticles from the sonication of metal salts dissolved in water. The
energy released by cavitation generates free radicals that can reduce the metallic ions, leaving
behind the metallic atoms to nucleate and form nanoparticles. Often other organic constituents

such as isopropanol or surfactants are used to enhance reduction and accelerate the reaction.
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1.4  SoL-GEL PROCESS

The sol-gel process is a bottom-up method used to synthesize metal oxides, typically silica,
from molecular precursors. For the synthesis of silica, alkoxysilane, typically tetraethyl
orthosilicate (TEOS), is mixed with water and alcohol as a cosolvent (Figure 1.2). Alkoxy groups
undergo hydrolysis reaction to form silanols. The silanol can then undergo a condensation reaction
either with alkoxysilane or another silanol to form siloxane bonds. Monomers turn into dimers,
dimers into trimers, and so on to eventually become small particles, also called sols. Depending
on the reaction conditions and subsequent steps, various products can be formed, including
colloidal particles, porous media, and thin films (Figure 1.3); the sol-gel process is important to

many applications.

| |

— S — OR  + H,0 —— Si — OH + ROH
| |
| | | |

—Si—OH + —Si—OH _ " —S§—O0—S — + H,0
| | | |
| | | |

— Si — OH + —S—OR _______——7" —Si—O0—S — + ROH

| | | |

Figure 1.2: Schematic of the reactions that occur in sol-gel processing.

Numerous studies about the sol-gel process have been conducted, from the effect of
composition to structural characterization of the products. The results are summarized in a book
by Brinker and Scherer.?” An important determination in the sol-gel process is the pH at which the

reaction occurs. For silicates, an acidic environment leads to the formation of three-dimensional
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gel networks, which when dried, results in a solid material. On the other hand, a basic environment
leads to the formation of stable particles or powders. This is also the basis for the Stober process
to synthesize monodispersed micron-sized silica particles.?! Commercial products are also
available for silica nanoparticles, commonly known as LUDOX®, ranging from 5 nm to 40 nm in
diameter. These particles are stable in basic conditions, but may be destabilized by lowering the

pH towards the PZC of 2, which eventually form gels.
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Figure 1.3: A summary of sol-gel processing.

1.5 OBJECTIVE AND APPROACH

This body of work will focus on the bottom-up approach used to synthesize nanomaterials.
The process is divided into two parts. The first part is the synthesis of nanoparticles from molecular
precursors. Depending on the molecular precursors, different techniques can be employed, each

with their own advantages and disadvantages. If the starting materials are metal salts, then the
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sonochemical route may be employed. If metal alkoxides are used, then the sol-gel route may be
employed. The resulting particles from this first step can be as simple as solid spheres, or as
complex as multi-layered onion particles.*?

The second part is the assembly of the primary particles into more complex nanostructures.
For practical applications, this step is not always necessary, particularly if the primary particles
themselves are sufficient for the desired application. For example, Li et al. developed core-shell

nanoparticles as a sono-photoacoustic contrast agent,?

and no assembly of these particles was
necessary for the intended medical imaging purpose. Nevertheless, assembling nanoparticles into
supracolloidal structures can enable multifunctional materials, such as recyclable catalysts, and
these structures exhibit new properties that the primary particles do not exhibit by themselves,
such as plasmonic magnetic coupling.>** Furthermore, if the final desired product is a solid
material, then the particles need to be assembled to form a gel. In this case, the structure of the
assemblies in the nanoscale greatly influences the properties of the solid material. For example,
the strength and reinforcement of fiber composites greatly depend on the orientation of the fibers
within the matrix.?

This work embodies the whole process of nanomaterial synthesis, from the synthesis of
nanoparticles to their assembly to form more complex structures. In chapter 2, experimental and
analytical techniques are discussed, including the fundamental theories behind them. In chapter 3,
I present a study of a relatively new system that is not yet explored in literature: sonochemical
synthesis of nanoparticles via emulsions. CdSe is used as a model system to synthesize CdSe
quantum dots (QD). In chapter 4, I present a method to control heteroaggregation of two species

nanoparticles. The technique is general and can be applied to many different materials to form

various structures, from heterodoublets to alternating worm-shaped heteroaggregates. In chapter
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5, I present a specific application of particle assembly and surface modification towards flexible
porous ceramics. Specifically, the structure and flexural properties of xerogel synthesized out of
LUDOX silica particles and alkylsilanes is studied. This work was performed in collaboration with
researchers from Membrion, a startup that spun out of the Pozzo Research Group, that attempts to
create economical, ceramic-based ion exchange membranes. The goal of this project was to
improve the mechanical properties of thin ceramic membranes. This work contributed to two
pending patent applications, IP 47939.01US1 and IP 47939.03US2. In chapter 6, an outlook on

nanoparticle, synthesis and assembly towards functional nanotechnology is given.
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Chapter 2. METHODS AND CHARACTERIZATION

2.1 ULTRAVIOLET-VISIBLE SPECTROSCOPY

Ultraviolet-visible (UV-vis) spectroscopy is technique to measure the extinction of light,
as it passes through a material, as a function of wavelength. A monochromator is used to control
the wavelength of the incident light, and the wavelength is swept from the UV region to the visible
region, and even up to the infrared region depending on the tool. At each wavelength, the intensity
of transmitted light through the sample is measured, while also knowing the intensity of the

incident light. The governing equation for this technique is called Beer’s law:

logl—0 = Abs = €eLC 2.1)
I

where [ is the intensity of the incident light, I is the intensity of the transmitted light, Abs is the
absorbance, € is the extinction coefficient, L is the path length of light through the sample, and C
is the concentration. Absorbance is quite a misnomer because in addition to being absorbed and
transmitted by the material, light can also be scattered. Hence, the reduction in intensity of the
transmitted light is caused by absorption and scattering, which is often lumped together and simply
called extinction. Absorbance is proportional to the amount of material that the light passes
through, i.e. the path length and concentration, and the intrinsic property of the material, the
extinction coefficient. During a measurement, the path length and concentration is typically
constant, and it is the extinction coefficient that varies as a function of wavelength. For each
wavelength, the proportion of light that is scattered and absorbed is dependent on the material.
If light is absorbed, the energy from the photon is used to excite electrons from one energy level
to a higher level. For semiconductors, the valence and the conduction bands are separated by a

certain amount of energy known as the band gap. Hence when performing UV-Vis spectroscopy



on semiconductors, a sharp edge separating wavelengths with low and high absorbance is
observed. Using photons with energies above this threshold promotes an electron from the valence
band to the conduction band.

Beer’s law can be used to measure the concentration of a solution or dispersion. If the
extinction coefficient of the sample at a particular wavelength is known, the concentration can be
directly calculated from eq 2.1. Otherwise, a Beer’s law curve needs to be constructed first by
measuring the absorbance at several different concentrations. The absorbance is plotted against
concentration, and the resulting slope is €L (eq 2.1). Typically, a wavelength at a peak absorbance
is chosen as the wavelength since it results in the highest signal to noise ratio. Note that the implicit
assumption in Beer’s law is that the absorbance varies linearly with concentration, which may not
be true for samples with high concentration. As the sample becomes more concentrated, the effects
particle-particle interactions and multiple scattering becomes more significant, and Beer’s law is
no longer obeyed. In addition, there are limitations with regards to the instrument. For example, if
the absorbance of a sample is 2, only 1 % of the incident light is transmitted (eq 2.1), and the
sensitivity of the detector is pushed to the limit.

The interaction of light with matter may also depend on the geometry of the matterial, and
thus UV-vis spectroscopy can also be used to observe changes in structures. For example, the
conjugated polymer poly(3-hexylthiophene) (P3HT) when dissolved in chloroform has a
characteristic peak around 460 nm. When P3HT self-assemble into nanofibers, additional peaks
arise at around 600 nm, and it is possible to extract quantitative information on the amount of fiber
formation. Another example is gold nanoparticles in dispersion. Gold nanoparticles generally have

a strong extinction peak at around 520 nm. The shape and location of this peak is dependent on
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the size of the gold nanoparticles and the distribution of sizes, e.g. larger gold particles result in a

shift of the peak towards larger wavelengths.

2.2 PHOTOLUMINESCENCE SPECTROSCOPY

Photoluminescence (PL) spectroscopy is related to UV-Vis spectroscopy in that it shines
incident light to a sample. But rather than measuring the extinction of the source light, PL
spectroscopy measure light that is emitted from the sample that results from absorption of the
source light. As previously mentioned, when light is absorbed, the energy can promote an electron
from one energy level to a higher one, or in the case of semiconductors, from the valence band to
the conduction band. This excited state is often not thermodynamically favorable, and electrons
will tend relax to the original energy level and emit photons. This mode of relaxation is called
radiative relaxation. In PL, the intensity of these released photons is measured.

Often, the energy that is absorbed is larger than the energy that is emitted, i.e. the PL peak
is red-shifted from the absorption peak. This occurs because electrons have non-radiative
relaxation mechanisms as well, such as vibrational relaxation, and they occur at much shorter time
scales than radiative relaxation. Hence, some of the absorbed energy is used for molecular
vibrations first, before radiative relaxation takes place. The wavelength difference between the
absorption peak and the emission peak is called the Stokes shift.

Sometimes, emissions other than band edge emissions are also observed, particularly if the
semiconductor material contains defects. These defects, whether in the bulk crystal structure or on
a surface of a nanoparticle, introduce energy levels that lie in between the conduction band and the

valence bands and that are often called ‘traps’. In this case, excited electrons can relax directly
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from the conduction band to the valence band, but it can also relax to these trap states before

relaxing to the conduction band, leading to emissions at lower energies.

2.3  SMALL ANGLE X-RAY SCATTERING

Small angle x-ray scattering (SAXS) is a technique to investigate the structure of
nanomaterials. A schematic of a SAXS experiment is shown in Figure 2.1. A collimated x-ray
beam is incident on the sample, and is transmitted, absorbed, or scattered. The detector records the
intensity of x-ray at various angles. Since the scattering angle depends on the incident wavelength,
we define the scattering wave vector, g (or Q). Mathematically, q is defined as the difference
between the propagation vector of the scattered and that of the incident x-ray. The magnitude of g

1s defined as

gl = Zsin()) 22)

A 2
where A is the wavelength and @ is the scattered angle. This essentially normalizes the scattering
angle against the incident wavelength, and the intensity is analyzed as a function of q. The

scattering profile 1(q) is often plotted on a log-log scale for analysis.
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Figure 2.1: Schematic of a SAXS experiment.
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Interactions between x-ray radiation and electrons in matter are responsible for the
scattering of x-rays in matter. The scattering length density (SLD) is the volumetric average of all
scattering lengths within the control volume. Hence, denser and more electron-rich materials result
in a larger SLD. SLD is analogous to the refractive index, and the difference in SLD is what gives
contrast in SAXS. The measured intensity in a SAXS experiment is the square of the Fourier

transform of the SLD distribution:

. 2
1(q) = |f p(r)e~t7dr]| (2.3)

In other words, SAXS is a measure of the correlation of features in inverse space and the scattering
profile is dependent on the nanoscale geometry and the material of the sample. It is especially
useful to investigate the multi-scale structures, with smaller features appearing at high-q and larger
features appearing at low-q (Figure 2.2). To probe lower g-ranges, the ultra-small angle x-ray

scattering (USAXS), which can reach as low as 8 x 10 A"l or a light scattering setup is necessary.
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Figure 2.2: An example of small angle scattering data demonstrating the multi-scale

measurement of structures.

For homogenous particles, the scattering intensity can be decomposed as
I(q) = nV,4p*P(q)S(q) + bkg (2.4)
where n is the number density of particles, 1, is the volume of a single particle, Ap is the difference
in SLD between the particle and its surrounding, P(q) is the form factor, S(q) is the structure
factor, and bkg is the incoherent scattering background. Note that n, V, and Ap? multiplies the
profile by a constant factor. This means that on the log-log scale, these parameters shift the

scattering profile up and down, but do not change the shape of the profile. The form factor gives
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information regarding the geometry of a single particle. The form factor has been worked out for

various geometries. For spherical particles, the form factor is'

3[sin(qR)—gR cos(qR) 2
Psph(CI) = [ (qR)?

where R is the radius of the sphere. An example of a scattering profile of a sphere is shown in

(2.5)

Figure 2.3.
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Figure 2.3: Calculated scattering profile of spherical particles with 50 A using eq 2.5

The structure factor is related to the spatial correlation between scattering centers of
particles and it gives information on the way these are arranged in space. In x-ray diffraction
(XRD), the peaks that result from regular atomic spacing is the structure. In SAXS, the structure
factor refers to the arrangement of particles in the system. For dilute systems, there are no

correlations between the particles, and the structure factor approaches unity, i.e. only the form
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factor contributes to the scattering profile. For more concentrated systems, a peak that results from
repeat particle-particle correlations may appear (Figure 2.4). However, for colloidal particles this
is unlike the sharp Bragg peaks that arise from reproducible atomic correlations in crystal
structures. These peaks are broader because of statistical variations in the repeat distance of larger
and more disorganized colloidal systems. There can also be a decrease in intensity at low-q
because, as the particles pack closely together, each particle is now surrounded by other similar
particles effectively reducing the SLD difference that originally existed with the solvent. The
aggregation of particles may also result in mass fractals, and the corresponding structure factor has

been previously derived.?
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Figure 2.4: The effect of having more concentrated systems on the scattering profile of 50 A
spherical particles. The scattering profiles were calculated using the hard sphere structure factor

and are matched on the second hump so that the first hump can be compared.
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SAXS has a couple of advantages over other characterization techniques for nanomaterials.
First, SAXS probes structures as an ensemble. Imaging techniques such as transmission electron
microscopy (TEM) or scanning electron microscopy (SEM) are limited to a particular viewing
area, and may also be limited to viewing only the surface structure. On the other hand, the
scattering profiles obtained from SAXS represent an ensemble-average of the structures in the
sample, probing both internal and surface structures. Secondly, SAXS can be performed in-situ for
dispersions. For example, to image nanoparticle assembly in dispersions with electron microscopy,
the dispersion is first deposited over a grid and dried, before imaging under SEM or TEM.
However, the drying process may affect the resulting assembly and this can generate misleading
results. The assessment of three-dimensional structures may also be difficult. SAXS allows the

structure of the assemblies to be determined in their native environments.

2.4  X-RAY DIFFRACTION

The concept of x-ray diffraction (XRD) is similar to that of SAXS. While SAXS measures
the scattering of x-rays at angles typically less than 6° and probes the correlation of electrons in
particles, XRD measures the scattering of x-rays at higher angles and probes the correlation of
atoms in crystalline materials. From a length scale perspective, electrons in a nanoparticle are
viewed as a continuous distribution in SAXS, whereas XRD ‘zooms in’ to characterize the
particles as made up of discrete atoms. If these atoms are regularly ordered and form a lattice, viz.
non-amorphous materials, then the repeat distances between atoms across various planes in the
lattice appear as peaks in an XRD profile. This is particularly useful to determine the lattice
structrue of a sample. Physically, the interaction of incident x-rays with a sample produces

constructive interference when the experimental conditions satisfy Bragg’s Law:
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nA = 2d sin(60) (2.6)

where n is an integer, A is the wavelength of the x-ray, d is the repeating lattice distance in real
space, and 6 is the angle between the sample stage and the incident x-ray. Unless characterizing
an entirely new material, analysis of XRD data is often done by comparing the data with existing
diffraction data. Given some elements that are, or might be, in the sample, the XRD profile is
scanned against a database containing diffraction data for those compounds. If the peaks in the
data match against those in the database, it suggests that the material is in-fact in the proposed

structure.

2.5 DYNAMIC LIGHT SCATTERING

Dynamic light scattering (DLS) is a method used to measure particle sizes in colloidal
dispersions. As small particles exhibit Brownian motion, fluctuations of scattered light intensity
due to interference is monitored. Scattered light from each particle interfere constructively and
destructively depending on the position of the particles, which changes with time. Given time ¢t
and a short interval 7, the intensity /(t) and I(t + 7) are strongly correlated since the locations of
the particles at time t + T are close to that at time t. Over time, this correlation decreases as the
particles move farther from their original locations. This correlation is described mathematically

by the autocorrelation function:?

. 1 T
G(t) = lim = [  I(D)I(t + ©)dt = (I()I(t + 1)) (2.7)

T—oo T 0
where T is the experimental time. The instrument obtains this data by taking snapshots of the
intensity at small discrete time intervals. For a monodisperse particle dispersion, the

autocorrelation function has the form of an exponential decay:
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G(t) = Ay + Aexp(—T'1) (2.8)
where A, is signal from background noise, A is the instrument constant, and I" is the decay
constant. Eq 2.8 is used to fit the data and extract the decay constant. The decay constant is related
to the particle’s diffusion coefficient by

I'=¢q%D (2.9)
where q is the magnitude of the scattering wave vector, and D is the particle diffusion coefficient.
Finally, assuming spherical particles, the diffusion coefficient can be related to the particle size by

kT
a = (2.10)
é6mtuD

where a is the radius of the particle, k is the Boltzmann constant, u is the viscosity of the
medium. When fitting a polydisperse sample, a range of particle sizes are put into bins, and the

contribution of each bin is weighted accordingly to fit the autocorrelation function.

2.6 THREE-POINT FLEXURAL TEST

Flexural test is a method to measure the mechanical strength of brittle materials, such as
ceramics. The material is set on two supporting pins, and a loading pin from the top slowly comes
down the center of the sample. The force on the loading pin as a result of bending the material is
recorded as a function of displacement. The force and displacement are normalized according to
the geometry of the sample and experimental setup. For materials with a rectangular cross section,

the flexural stress is defined as

__3F
0 = 2.11)

where o is the flexural stress, F is the force, L is the distance between the two supporting pins, b

is the width of the sample, and d is the thickness of the sample. Flexural strain is defined as
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_ 6Dd
€ = (2.12)

where €; is the flexural strain and D is the deflection distance. The stress is plotted against the
strain to obtain a stress-strain curve. For ceramics, the stress-strain curve is linear until the material
fails, and there is a sudden drop in force. The slope of the stress-strain curve is a measure of the
material’s stiffness and it is called the material’s modulus. In this case, since the mechanical testing

is performed by a flexural test, it is called the flexural modulus, defined as

. L3m
" 4bd3

Ef (2.13)

where E is the flexural modulus, m the slope in a force/deflection curve. The stress and strain at

which the material breaks are called flexural strength and fracture strain, respectively.
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Chapter 3. ON-DEMAND SONOCHEMICAL SYNTHESIS OF
ULTRASMALL AND MAGIC-SIZE CDSE
QUANTUM DOTS IN SINGLE-PHASE AND
EMULSION SYSTEMS

Reproduced with permission from Journal of Physical Chemistry C, submitted for publication.

Unpublished work copyright 2019 American Chemical Society.

3.1 INTRODUCTION

Over the past decades, there has been great interest in the synthesis and application of
semiconductor quantum dots (QDs) due to the fact that they exhibit tunable properties that are
drastically different from their bulk counterparts via the effects of quantum confinement. In short,
quantum confinement occurs when the characteristic size of a nanoscale particle approaches the
exciton Bohr radius of the material, leading to unique optical and electronic properties, which are
tunable by the size, shape, and composition of the QD particles.! Due to their unique properties,
QDs find numerous applications including bio-labeling and imaging, light-emitting diodes (LEDs)
and phosphors, solar cells, photodetectors, field-effect transistors (FET), and memory elements.>"
4 A subset of QDs include magic-size clusters (MSCs), which are small QDs — typically less than
2 nm in diameter — that consist of discrete sizes that correspond to a specific, well-defined number
of atoms.>® Their electronic structure sits at the interface between molecules and QDs, and they
exhibit unique properties, sharp absorbance features, and entirely surface-state-based
luminescence. Applications and advantages of MSCs include white-light LEDs, facile renal
clearance in biological imaging, and their use as starting materials for the generation of more

complex nanostructures.®



Typically, colloidal QDs are prepared by the hot-injection method, where molecular
precursors are injected into a hot solvent at temperatures of up to several hundred degrees Celsius,
successfully resulting in the synthesis of nanocrystals (NCs) with numerous sizes, shapes, and
compositions.”® Notably, this standard technique has a number of critical drawbacks that make it
difficult to scale and that can result in batch-to-batch reproducibility issues. Since the method relies
on the rapid injection of up to 50% of the total mixture volume, efficient mixing of the reagents at
high temperature becomes difficult as reaction volumes become larger. Likewise, after the initial
injection, the reaction temperature often needs to be adjusted quickly in order to control NC
growth, and heat transfer becomes an issue as fluid volume and vessel sizes increase. Alternative
approaches include the solvothermal method, where all precursors are initially mixed in a vessel
that is then heated and cooled in a controllable manner.” However, decoupling of nucleation and
growth is necessary to prevent polydispersity, so great care must be taken to ensure that there is
sufficient nucleation within a short period of time, otherwise necessitating subsequent size-
focusing processes such as Ostwald ripening, or size-selective post-synthetic purification
processes that substantially decrease product yield. Moreover, in the case of multicomponent QDs,
it is vital that the mixture be rapidly heated to a temperature where the reactivity of all components
is matched, else the composition of the NCs will not reflect that of the original bulk solution.

A relatively new route toward NC synthesis is through sonochemistry, where ultrasound is
applied to a solvent mixture that contains the NC precursors. When ultrasound is applied to a
liquid, the alternating positive and negative pressure crests can lead to the formation of transient
vapor bubbles or cavities. Furthermore, these bubbles oscillate and grow under repeated
compression and expansion cycles, continually gaining potential energy. Eventually, the bubbles

grow to a resonant size that can lead to their abrupt and violent collapse, resulting in an extremely



rapid release of the accumulated energy in a highly localized space. This results in localized
‘hotspots’ with temperatures that have been estimated to reach 5000 K and pressures in excess of
1000 bar.!®!! These extreme conditions, albeit spatially and temporally localized, lead to rapid
reaction of the precursor molecules, resulting in NC nucleation and growth. Similar sonochemical
methods have been used successfully to synthesize a wide variety of dispersed nanomaterials. !
However, controlled and systematic studies are few, and the effects of sonication are often
convoluted with other effects, including possible rise of the bulk solvent temperature, which results
during continuous sonication without active cooling.

In this work, the sonochemical synthesis of ultrasmall and magic-sized CdSe QDs is
reported in single-phase and emulsion-based systems, while actively maintaining the solvent
temperature to minimize effects related to bulk temperature increases. We hypothesize that
sonochemical synthesis in emulsion systems offers an efficient, accelerated, and controllable

pathway toward the on-demand synthesis of complex nanomaterials.

3.2 EXPERIMENTAL

Chemicals

I-octadecene (90%), oleic acid (90%), oleylamine (70%), cadmium oxide (=99.99%),
selenium (>99.99%), trioctylphospine (97%) (TOP), and dodecane (>99%) were purchased from
Millipore-Sigma (St Louis, MO USA). Hexanes (mixed isomers, 99.9%) and ethylene glycol were

purchased from Fisher Scientific (Hampton, NH USA). All chemicals were used as received.

Precursor Preparation




The cadmium precursor, 84 mM cadmium oleate, is prepared in the following way. To a
round bottom flask, 0.256 g of cadmium oxide, 20 mL octadecene, and 2.6 mL of oleic acid were
added. Using a Schlenk line, the flask is degassed by applying vacuum while stirring at 800 RPM
using a magnetic stir bar. Under nitrogen atmosphere, the flask is heated to 270°C and is held at
this temperature for 30 minutes or until the mixture becomes clear and colorless; the temperature
is then held for 30 additional minutes. At this time, the temperature is lowered to 150°C, and 1.3
mL of oleylamine is added. The temperature is then lowered to 100°C, and the flask is degassed
for 30 minutes. Finally, the resulting product is cooled to room temperature. The selenium
precursor, 1 M TOP:Se, is prepared by mixing Se powder and TOP overnight in a glove box until

all the Se is dissolved and the solution is clear and colorless.

Sonochemical Quantum Dot Synthesis

The cadmium precursor is first mixed with the selenium precursor at a 1:4 molar ratio. A
schematic of the synthesis process is depicted in Figure 3.1. In the emulsion system, 2.245 mL of
the cadmium precursor is mixed with 0.755 mL of the selenium precursor in a 20-mL glass
scintillation vial. The vial is hand-shaken to mix the two precursor solutions, before adding 7 mL
of ethylene glycol. The capped vial is again shaken by hand vigorously to create a coarse emulsion.
The vial is then placed in a cooling bath containing water at 20°C. Sonication is then initiated using
a Branson 450 Digital Sonifier (400 W max power, 20 kHz), equipped with a 3/8” titanium horn
directly immersed 0.5 cm into the solution. Sonication is performed continuously at a 20% power
setting on the control panel, which has been calibrated to be equivalent to a power dissipation of
12.6 W (See Supplemental Information). Sonication is then temporarily stopped to collect sample

aliquots at each relevant time stamp, and an equivalent volume of ethylene glycol is added into the



scintillation vial such the volume is always kept at 10 mL. The volume of aliquot that is withdrawn
is such that there is approximately 250 puL of oil phase (octadecene) in each aliquot. The water in
the cooling bath is also exchanged with fresh cold water, and the sonication is continued. The
temperature of the vials is also monitored with a thermocouple in order to separate the effect of
sonication / cavitation from that of a possible bulk temperature increase.

Each sample aliquot is then centrifuged and decanted to separate the dispersed oil phase
containing the quantum dots from the continuous ethylene glycol phase in the emulsions. These
samples are referred as ‘unpurified” because of the presence of excess unreacted precursors and
organic components. The ‘as-synthesized’ samples are characterized by small-angle X-ray
scattering (SAXS) and diluted about 100-fold in octadecene for UV-vis spectroscopy as a function
of sonication time. For X-ray diffraction (XRD), the as-synthesized samples are purified by simply
precipitating with the addition of excess ethanol. The powder is then separated and deposited onto
a silicon wafer for analysis. Alternatively, the as-synthesized samples are diluted 10-fold in
dodecane, and purification is performed by liquid-liquid extraction using an equivalent volume of
methanol (250 pL) that is changed three times. After each addition of methanol, the samples are
vortexed, and centrifuged. Care is taken to replace the dodecane lost during the extraction process
to prevent the particles from precipitating, since precipitates are not re-dispersible. After cleaning,
particles are also characterized by SAXS, diluted into hexanes 10-fold for UV-vis spectroscopy,
1000-fold for photoluminescence (PL) spectroscopy, and 100-fold for transmission electron
microscopy (TEM).

In the single-phase system, the sonication procedure is very similar. The only difference is
that the 10-mL reaction volume is entirely composed of the precursor mixture. No ethylene glycol

is used and no emulsification is necessary. Also, for these samples, no makeup solvent is added



upon removal of sample aliquots as a function of time. The as-synthesized samples are
characterized with SAXS and diluted about 10-fold in octadecene for UV-vis spectroscopy.
Purification of these samples is also performed by liquid-liquid extraction using an ethanol wash
of equivalent volume (250 pL) three times, after which, the particles spontaneously adhere to the
walls of the plastic centrifuge tubes. For XRD sample preparation, the purified samples are re-
dispersed into toluene and drop-cast onto a silicon wafer. Samples are also re-dispersed into 250
uL dodecane for characterization in dispersion with SAXS, and then diluted into hexanes 10-fold

for UV-vis spectroscopy, 1000-fold for PL spectroscopy, and 100-fold for TEM.

UV-Visible (UV-vis) Absorbance and Photoluminescence (PL) Spectroscopy

Both UV-vis and PL spectroscopy are performed using quartz cuvettes with a 1 cm
pathlength. UV-vis spectroscopy is performed using a Thermo Scientific Evolution 300 (Waltham,
MA USA) spectrophotometer operating over a 300-700 nm wavelength range. PL is performed

using a Molecular Devices SpectraMax M5 (San Jose, CA USA) fluorescence spectrophotometer.

Transmission Electron Microscopy (TEM)

Bright field TEM is performed using FEI Tecnai G2 F20 Super-Twin (Hillsboro, OR)
operating at 200 kV. Samples are deposited over a copper TEM grid with 300 mesh carbon from

Electron Microscopy Sciences (Hatfield, PA USA) by drop casting 3 pL of sample and letting this

dry.



Small-Angle X-ray Scattering (SAXS) and X-ray Diffraction (XRD)

SAXS is performed using Anton-Parr SAXSess (Graz, Austria) Kratky camera in a line-
collimation (0.26 A smearing) configuration with Cu K-a radiation. Samples are mounted using
quartz capillaries of 1 mm in diameter. X-ray scattering is collected using a Fujifilm phosphor
image plate (Japan) that is then developed in a PerkinElmer Cyclone Plus plate reader (Waltham,
MA USA). The 2D raw data is converted to a 1D profile and subsequently corrected by subtraction
of the scattering from the solvent and from the empty capillary. Absolute scaling of SAXS intensity
is performed using water standard.'> XRD is performed using Bruker D8 Discover Microfocus
(Billerica, MA) using a beam that has been collimated to a 1 mm cross-section with Cu K-a
radiation. X-ray diffraction spectra ares collected using Pilatus 3R 100KA 2D detector. The 2D
raw data is then converted to a 1D profile and subsequently corrected by subtracting the broad

background signal.
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Figure 3.1: Schematic of the particle synthesis, along with photos of the final products under UV
light.

3.3 RESULTS AND DISCUSSION

To determine the total acoustic power that is delivered to the system, calorimetry was
performed, as devised by Kikuchi and Uchida,' using water in an insulated environment at the
same sonication horn parameters that were used for QD synthesis. Details of the calorimetry
experiment is provided in the supplemental information. Previous sonochemical synthesis of CdSe
QDs has shown that particle growth kinetics can be controlled by tuning the ultrasound power; 4
however, it remained unclear if the faster kinetics were due to increased ultrasound cavitation
intensity or simply due to the systematic rise in the bulk temperature of the reaction mixture as
sonication proceeded. In fact, since no temperature control was implemented in that system, the
reaction temperature was observed to rise as high as 200°C, which is close to the typical

temperature used in hot-injection or solvothermal methods for CdSe synthesis.”!' In this work, the



power delivered by the ultrasound horn was set to 12.6 W for all syntheses. At this power, the
reaction temperature stabilizes at a steady-state of 55°C in the single-phase system and 65°C in
the emulsion system. Notably, both of these temperatures are significantly lower than what is
typically necessary for either a hot-injection or solvothermal CdSe NC synthesis. Examples of
temperature profiles as a function of time are provided in the supplemental information for each
reaction (Figure 3.11). To ensure that QD formation is due to ultrasound, and not due to the mild
rise in temperature, a control experiment was performed where the reaction mixture was heated to
60°C on a hot plate. As would be expected, UV-vis absorbance measurements did not show any
changes or QD formation, even after 3 hours of heating (Figure 3.12, Supplemental Information).

In our experiments, both the single-phase and emulsion systems were sonicated and tracked
for a total of 3 hours. Aliquots of the sample were taken at several time points to monitor QD
growth as a function of sonication time. Figure 3.2 and Figure 3.4 show UV-vis absorbance and
photoluminescence (PL) spectra of the single-phase and emulsion systems, respectively, after
purification. UV-vis absorbance spectra were also taken before and after QD purification.
Although absorbance and PL spectra carry rich information regarding the QDs, including the clear
formation of a 1S321S. excitonic absorption feature and the associated band-edge luminescence,
they also exhibit broad surface-state emission, which can be influenced by a variety of factors
including the ligands present on the surface of the QDs.!*2° In order to characterize the structure
of the QD, small-angle X-ray scattering (SAXS) was also performed (Figure 3.3 & Figure 3.5) as
a function of sonication time. In addition, SAXS was also performed before and after sample
purification to gain a more complete picture of the changes that occur during the synthesis and
purification processes. After each sonochemical synthesis was completed, the samples were also

characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM).



As the precursor mixtures were sonicated in the single-phase and emulsion-based systems,
particles were observed to form and steadily grow with longer sonication time. In the single-phase
system, the first excitonic peak in the absorbance spectra (Figure 3.2a) was observed to red-shift
along with the band-edge luminescence (Figure 3.2b) as sonication times increased, indicating
gradual growth of the QDs. Using the position of the 1S321S. excitonic absorbance peak,?! the QD
diameter was estimated as a function of time, growing from a diameter of approximately 1.74 nm
after 30 minutes of sonication to 1.91 nm after 180 minutes of sonication. In addition to band-edge
luminescence, all PL spectra exhibited broad emission at higher wavelengths throughout the
visible frequency regime due to the presence of surface states, which are commonly observed for

ultrasmall QDs. 222
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Figure 3.2: a) Absorbance and b) PL spectra (Aexc = 360 nm) of CdSe QDs synthesized via

sonication in the single-phase solvent system.

SAXS characterization of the particle dispersions further confirms the growth of ultra-
small QDs with increasing time (Figure 3.3). In SAXS, the scattering intensity profile is related to

the square of the Fourier transform of the spatial correlation function of electrons in the sample.



The intensity is typically plotted against the scattering wave vector, q, which is dependent on the
scattering angle and the X-ray energy or wavelength. Longer spatial correlations appear as features
at lower q values, while shorter correlations appear as features at high q. Figure 3.3a shows the
scattering profiles for the single-phase samples as synthesized, prior to cleaning and purification.
The data is presented after normalization to an absolute intensity,'?> which allows for direct
correlation of SAXS intensity to the concentration of QDs in dispersion.

Notably, prior to the start of the reaction, there is already a scattering profile that arises due
to the formation of inverse micelles in the precursor solutions.”> At longer sonication times,
scattering contributions from the CdSe QDs start to dominate the signal. This is especially evident
at low ¢, where a second low-q Guinier ‘hump’ is observed in addition to that found for the
precursors prior to sonication. After cleaning the samples, the scattering from the inverse micelles
in the precursor is no longer observed, and only a single Guinier turnover is observed at low q
(Figure 3.3b). The scattering profiles of purified and ‘cleaned’ samples are no longer placed in an
absolute scale because there is an inevitable loss of product that is associated with the cleaning
process, and the intensities of each profile can no longer be directly compared to one another.
Nevertheless, the shape of the scattering profiles only depends on the geometry of the QDs and,
under sufficiently dilute conditions, should be independent of the QD concentration. In Figure
3.3b, the scattering intensities are arbitrarily scaled such that the intensity is matched at high q for
qualitative comparison of their shape. As sonication proceeds, the Guinier region shifts toward
lower q values, indicating the formation of larger particles. Using the Irena software tool suite,
the scattering profiles were fit to a model to extract the QD size. Scattering fits are also provided
in the supplemental information. The mean diameter of the QDs grows from 2.43 nm after 30

minutes of sonication to 2.58 nm after 180 minutes of sonication (Figure 3.3c inset). The size



determined from SAXS is larger when compared to the size calculated from UV-vis absorption
features because the head groups of stabilizing ligands that are adsorbed to the surface of the QDs

can also contribute to the SAXS signal due to their electron density.
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Figure 3.3: a) Absolute-scale SAXS profiles of CdSe QDs synthesized via sonication of the
single-phase solvent system prior to cleaning and purification. Arrows indicate the two features
that correspond to inverse micelles and QDs. b) Arbitrary-scale SAXS profiles after, with an

inset showing the diameter of the QDs extracted from model fitting.

In stark contrast to the above results, when sonochemical QD syntheses are performed in
emulsion systems, the results are drastically different. While sonication of the single-phase system
produces ultrasmall QDs, sonication of the emulsion-based system produces QDs with well-
defined discrete sizes, which are commonly known as magic-sized clusters (MSCs). As the sample
is sonicated, no shift of the first excitonic peak is observed in the UV-vis absorbance spectra.
Instead, an extremely sharp absorbance peak is observed at 425 nm (fwhm = 100 meV) that does

not shift with increasing sonication time, but does increase in intensity (Figure 3.4a). These



samples also exhibits broad, ‘white-light’ emission but with no characteristic band-edge
luminescence peak. Such a sharp absorbance peak coupled with broad surface-state emission, but
no band-edge luminescence is strongly characteristic of MSCs.%?227-2 In particular, the absorption
peak at this wavelength corresponds well to the known (CdSe)ss and (CdSe)ss MSCs.*
Interestingly, the relative height of the peak at 425 nm starts to decrease after 90 minutes of
sonication, and an absorption tail starts to appear. This turning point at 120 minutes is also
observed in the PL spectra (Figure 3.4b). Up until 90 minutes of sonication, the luminescence is
almost entirely characteristic of surface-state emission. However, at ~120 minutes of sonication, a
peak starts to develop that blue-shifts with longer sonication time, bearing resemblance of a band-
edge luminescence peak. The formation of a tail in the UV-vis spectra and a peak in the PL spectra

suggests the formation of larger QDs is taking place after extensive sonication.
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Figure 3.4: a) Absorbance and b) PL spectra (Aexe = 420 nm) of cleaned CdSe particles

synthesized using sonication in emulsion systems as a function of sonication time.



SAXS was also performed both before and after purification of the emulsion system
samples (Figure 3.5). Similar to the single-phase system, the SAXS data for the emulsion-based
system was transformed to an absolute scale for the as-prepared samples (Figure 3.5a). The
scattering intensity increases steadily with longer sonication time, indicating that the volume
fraction of particles increases with sonication time. The Guinier hump near 0.2 A"! is related to the
primary particles, viz. CdSe QDs, and the continued rise in intensity toward low q suggests that
the particles are associating to create large-scale structures. The intensity continues to rise even at
the lowest q values, which means that the size of the aggregates lies beyond the resolution of the
SAXS instrument. The samples were subsequently diluted 10-fold, purified, and SAXS was
performed again on the ‘cleaned’ samples in the absence of excess molecular precursors (Figure
3.5b). Similar to Figure 3.3a, these SAXS profiles are not placed in an absolute scale since there
are some material losses that occur during the purification process. Instead, the scattering profiles
were normalized to have matching intensities at high values of q. Even after purification and a 10-
fold dilution, the large flocculates continued to persist, as evidenced by the continued rise in
intensity at low q. Interestingly, the profiles overlap until after 120 minutes, which matches well
with the turning point of the UV-vis spectra, when the intensity of the sharp absorbance feature
begins to decrease (Figure 3.4a). This indicates that the rise in volume fraction with sonication
time (Figure 3.5a) up to 120 minutes is not due to QD size increases, but rather to an increase in
the total quantity of MSCs. To further extract structural information, we fit the scattering profiles
of the cleaned samples, up to 90 minutes of sonication, to a model of fractal aggregates of spherical
primary particles.! From this model, we obtain a primary particle radius of 7.3 A that is consistent
with the size found by Kasuya et al. for MSCs.*° The primary particles then form aggregates with

a fractal dimension of 1.3, corresponding to a low-density aggregate. Details of the SAXS models



and fits are provided in the supplemental information. After 120 minutes, the SAXS profile

supports the conclusion that larger QDs are formed, which is most evident in the SAXS profile at

180 minutes (Figure 3.5b). The feature at 0.2 A" that corresponds to the MSCs is still present, but

another feature at 0.1 A" emerges that corresponds to larger QDs.
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Figure 3.5: SAXS profiles for CdSe particles synthesized with sonication in an emulsion-based

system. a) As-prepared samples (i.e. before cleaning and purification) in absolute scale units and

b) samples after purification in an arbitrary intensity scale. Arrows indicate the two features that

correspond to MSCs and regular QDs.

After 3 hours of sonication, samples from both the single-phase and emulsion systems were

also purified and characterized by XRD (Figure 3.6) and TEM (Figure 3.7). The XRD data exhibits

significant peak broadening due to the small size of the QDs produced in both the single-phase

and emulsion-based synthesis systems. The XRD profile for the sample from the single-phase

system matches that of cubic zincblende CdSe (PDF 04-003-6493, Figure 3.6a). However, care

must be taken because since such significant peak broadening cannot decisively differentiate



between the cubic zincblende and hexagonal wurtzite structures.®*>3 The excess signal at low
angles is likely due to the remaining ligands in the sample. The diffraction peaks of the material
produced from the emulsion system are even broader (Figure 3.6b) because of the even smaller
QD sizes. Notably, MSCs have nearly 80% of their atoms on the surface, which leaves only two
unit cells in the core of the particles,?>?* with the observed peaks at 27° and 45° corresponding
very closely to what has been seen with previous XRD characterization of CdSe and CdS

MS(Cs.3*%
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Figure 3.6: XRD spectra of CdSe particles synthesized via sonication in a) single-phase and b)
emulsion-based systems. Red lines represent the expected peak positions for the bulk zincblende

CdSe structure.

Figure 3.7 shows TEM images of the QDs produced via 180 minutes of sonication for both
processes. The contrast in the TEM images is very limited due to the small size of the QDs;
nonetheless, the QDs observed from the end-point of the three-hour emulsion-based synthesis are
larger than would be expected for MSCs, which supports the data discussed above that suggested
the formation of larger QDs after extensive sonication. These particles are also larger in size than

what was determined from the SAXS profiles after 30 minutes of sonication, further supporting



the idea that MSCs are converted into regular-sized QDs after prolonged sonication in emulsions.
Given the vanishingly low contrast associated with ultrasmall QDs, it was not possible to directly

image the MSCs using TEM.

Figure 3.7: CdSe nanoparticles formed after 180 minutes of sonication in a) single-phase, and b)

emulsion-based systems.

It is important to note that MSCs and ultrasmall QDs are distinct, both in terms of their
electronic structure and growth process. While ultrasmall QDs are simply small-sized QDs, MSCs
exhibit an electronic structure at the interface between that of a molecule and an inorganic particle,
with a specific molecular structure and precisely defined number of atoms that result in a precise
electronic excitation that leads to a sharp absorbance peak. Furthermore, since the number of atoms
that gives rise to a stable MSC is also precisely defined, MSCs do not grow in a continuous fashion,
but rather they transition from one allowed configuration to another. The result is that absorbance
peaks do not gradually move or shift, as is the case with regular QDs, but rather they ‘jump’ from

one discrete wavelength to another. In this work, the only family of MSCs that was observed



corresponds to (CdSe)s; and (CdSe)ss. However, it should be noted that numerous other works
have successfully synthesized many other families of CdSe MSCs.?%3

Interestingly, in the UV-vis spectra of the samples obtained from the emulsion-based
synthesis (Figure 3.4a), the shrinking of the absorption peak centered at 425 nm is not just relative,
but absolute. Prior to purification, the absorbance peak was slightly shifted to 420 nm (Figure
3.13), likely due to a difference in ligand coordination to the MSC before and after purification.
Quantitative tracking of the absorbance at 420 nm with increased sonication time (Figure 3.8a)
shows that the absorbance at 420 nm continues to rise without any shift in wavelength, even after
about 120 minutes of sonication, suggesting that the number of MSCs in the system is increasing
as the sample is sonicated. Afterward, however, the absorbance at 420 nm decreases and an
absorption tail at longer wavelengths emerges. This coincides with the appearance of a second
Guinier region in the SAXS profile after 150 minutes of sonication (Figure 3.5b), suggesting that
the regular QDs are synthesized at the expense of the MSCs. In other words, the regular QDs are
not side products of the sonochemical reaction; instead, QDs are formed from subsequent reactions
of MSCs after they are produce. If only MSCs are desired, then the sonication process can be
stopped at an appropriate time.

Aside from the difference in product properties, the rate of conversion from precursor to
QDs is remarkably faster in the emulsion-based systems. This is evident from the absolute-scale
SAXS profiles of the samples measured prior to cleaning. Comparing the samples from the single-
phase systems (Figure 3.3a) to the emulsion systems (Figure 3.5a), the scattering intensity is much
higher in the emulsion-based syntheses. In addition, when performing dilutions for UV-vis
spectroscopy, the single-phase system samples needed to be diluted 10-fold to get sufficient light

penetration through the samples, while the samples from the emulsion systems needed to be diluted



more than 100-fold. To further quantify the rate of reaction for the QD and MSC syntheses, the
absorption spectra were converted to an energy scale, and then integrated from 1.77 eV to 3.82 eV
(325 nm - 700 nm). Since the integral of the absorption coefficient over the photon energy (i.e.
[ « dE) has a negligible size dependence,?! the integral of absorbance over energy (i.e. [ A dE)
can be used to quantify the conversion of Cd and Se precursors into CdSe units across different
QD ensembles (Figure 3.8b). Details and cross-validation of this calculation are given in the
supplemental information. After 3 hours of sonication, complete conversion was observed in the
emulsion system, while only 11% conversion was observed in the single-phase system. Using a
linear fit, the rates of conversion in the emulsion system and in the single-phase system were found
to be 3.8 g-L'hr! and 0.48 g-L'hr'!, respectively, where the conversion rate of the former is
comparable to that of a typical hot-injection synthesis of CdSe QDs.?”-* For example, an optimized
hot-injection synthesis of CdSe QDs yields about 3.7 g/L, and it takes approximately one hour,
including the initial heating of the reaction mixture.?* Thus, sonication in the emulsion system
provides a competitive conversion rate for the synthesis of CdSe. Moreover, this rate can likely be
further increased by delivering more ultrasound power, using larger volume fractions of oil,
increasing precursor concentrations,*’ using a heterogenous selenium source,*! and/or increasing

the reaction temperature.
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Figure 3.8: a) MSC absorbance at 420 nm in the emulsion system tracked as a function

sonication time, and b) conversion of Cd and Se precursors into (CdSe) with sonication.

In addition, when using sonochemical synthesis methods, temporal control over when the
reaction starts and stops is remarkable. In order to demonstrate this, an experiment where the
sonication system was systematically turned ‘on’ and ‘off” every 10 minutes was also performed
with the emulsion-based synthesis. Once again, the absorbance at 420 nm was tracked as a function
of elapsed time (Figure 3.9a). The data clearly shows that the absorbance increases only when the
sonication is turned ‘on’, which results in a step-like growth curve. There are several important
outcomes from this experiment that suggest that precise temporal control of the reaction can further
elevate QD synthesis methods. First, this conclusively demonstrates that conversion of precursors
to QDs is a direct result of ultrasound and not due to a rise in the temperature of the sample, which
is a side effect of power dissipation during sonication. Although allowing the temperature to rise
may increase QD production rates, such a precise level of temporal control may not be possible
and it may also interfere with the selective formation of MSCs observed in the emulsion system.

Second, the choice of using trioctylphosphine selenide (TOP:Se) as the chalcogen precursor, as



opposed to more reactive secondary phosphine precursors such as diphenylphosphine selenide, is
necessary to carefully control the sonochemical reactions. To note, there are several separate
mechanisms for the formation of CdSe monomers.*> One mechanism requires the decomposition
of a tertiary phosphine-chalcogenide to form highly reactive H>Se, while another mechanism does
not involve precursor decomposition and instead is a direct reaction of secondary phosphine-
chalcogenides and metal carboxylates. Since secondary phosphines are much more reactive than

tertiary phosphines,*>**

it has been shown that CdSe MSCs can be synthesized at temperatures as
low as 45°C using diphenylphosphine selenide.?’” However, in this application, the low reactivity
of TOP:Se prevents unwanted reactions from progressing uncontrollably at low temperatures. The
extreme conditions that are locally exhibited by cavitation are more than sufficient to decompose
TOP:Se and drive the conversion of CdSe QDs and MSCs. These design choices open the door
towards efficient, on-demand synthesis of QDs, where the reaction can be started and stopped
simply by turning the ultrasound on and off. Moreover, secondary phosphines are typically
extremely pyrophoric; using TOP:Se allows for the synthesis of QDs without the safety risks
associated with such highly reactive precursors. Finally, high-intensity focused ultrasound (HIFU)
could also be used to spatially control the synthesis of QDs and MSCs in specific locations.

Two questions remain to be answered: 1) compared to the single-phase system, why is
precursor conversion so much faster in the emulsion-based system and 2) why are the resulting
products different? The answers to these questions are related. The synthesis of QDs is driven by
the extreme conditions induced locally by cavitation. In the single-phase system, bubbles must
nucleate homogenously, which is terribly inefficient. In such cases, cavitation tends to occur

predominantly at interfaces such as the vial walls and the surface of the sonication horn. In the

emulsion systems, the liquid-liquid interface of the droplets act as heterogenous nucleation sites



for bubbles, which is much more favorable than homogenous nucleation.*> These ‘weak spots’ in
the system have been reasoned previously,*® although no control experiment in a single-phase bulk
system was performed. Moreover, the cavitation bubbles are generated exactly where they are
needed, with the sonication energy dissipated locally where the precursor materials are also located
(i.e. in the droplets). Hence sonication of the emulsion system results in more frequent and
numerous cavitation events that are more efficiently distributed near the precursors, quickly
driving nucleation and growth of the QDs (Figure 3.9b). This also explains why sonication in the
emulsion system results in hotter mixture temperatures than those observed in the single-phase
system, even at the same sonication power setting. Coincidentally, the liquid-liquid interface may
also serve as a nucleation site for QDs, and it is well known that the energy barrier for heterogenous

nucleation is lower than that of homogenous nucleation of QDs.’
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Figure 3.9: a) Quantitative absorbance at 420 nm of CdSe MSCs synthesized in the emulsion
system with periodic 10-minute on-off cycles. Blue shades indicate the time period during which
sonication is active. b) Schematic of the sonochemical QD synthesis mechanism, where

cavitation provides the energy required for precursors to react, form clusters, and grow into QDs.

The high precursor concentration and fast conversion is key to the synthesis of MSCs in
the emulsion system. Nevers ef al. demonstrated that mixtures with high precursor concentrations
offer a well-defined pathway towards synthesizing MSCs, and that the MSCs are stable and
resistant towards growth and dissolution.*’ This is because the MSCs and their ligands form
inorganic-organic fibers that, in turn, create ordered mesophases that stabilize the clusters against
aggregation.*’ They found that the stability of the MSCs is specifically due to the formation of
fibers, rather the assembled mesophases. In this work, the lack of sharp peaks in the SAXS profiles
(Figure 3.5) suggests that highly ordered mesophases are not created. However, the low fractal
dimension of the aggregates (Dr= 1.3) does suggest that the MSC aggregates form a nearly linear

structure resembling that of a fiber, and this seems sufficient to keep the MSCs stable.



However, instability of the MSCs is evident when samples containing aggregates are
diluted, which causes the aggregates to unbundle into individual MSCs. When a diluted sample is
left for 36 hours at room temperature, the sharp peak at 420 nm is almost completely quenched,
and a broad peak emerges (Figure 3.10a) at lower energies, indicating the formation of regular
QDs. The same phenomenon is observed even with samples that are purified, indicating that these
regular QDs are, at least in part, a result of Ostwald ripening. On the other hand, the stability of
the MSCs when they are in an aggregated state is remarkable. If a sample is kept in its original
higher concentration for a month, its UV-vis spectra shows no apparent change.

The apparent instability of the MSCs may also explain the decrease in MSC concentration
after prolonged sonication in the emulsion system (Figure 3.8a). The creation of MSCs is discussed
as the result of the extreme temperature and pressure exhibited by cavitation. Cavitation also
evokes high velocity microjets*’ that may dislodge MSCs from their bundles, which could then
dissolve or grow into regular QDs. Therefore, there are two competing processes with respect to
MSC concentration. Toward the beginning of the sonication process, the system is rich in
molecular precursors, and the rate of MSC creation is much faster than the rate dislodging.
Conversely, toward the end of the process, the dislodging of MSCs dominates due to the higher
concentration of MSC aggregates and lower concentration of precursors.

In the case of single-phase reaction system, the resultant ultra-small QDs may also go
through MSC intermediates. Evidence of this can be found in the UV-vis spectra of the as-
synthesized samples from the single-phase system (Figure 3.10b). Multiple peaks can clearly be

seen, resembling the UV-vis spectra of smaller MSCs?343

at earlier sonication times and looking
more like the Ostwald ripened MSCs in Figure 3.10a at longer sonication times. Because the

conversion is much slower in the single-phase system, aggregates of MSCs would not be formed



because their concentration is low, and hence the MSCs would not be protected from growth and
dissolution. Therefore, any MSCs that are formed undergo ripening very quickly, resulting in the
regular QDs that are observed in the UV-vis spectra of the purified samples (Figure 3.2a). This
contrasts with the emulsion-based system where the rapid conversion to concentrated MSCs allow

for aggregation and stabilization without becoming regular QDs.

a) 1.0 b)
—I Sonication time
0.8 — —— Original — 30 m?n
—~ —— 1 month, diluted . 60 min
2 —— diluted, 36 hours = —— 90 min
o 0.6 — ~ —— 120 min
[0} (0] .
2 o —— 150 min
®© © —— 180 min
Kol Kol
o 04— <}
(2] (2]
Q Q
< <
0.2 — . B
0.0 I I I I l I
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3.10: a) UV-vis absorbance spectra showing the growth and dissolution of MSCs when

they do not form large aggregates. b) UV-vis spectra of as-synthesized samples from the single-

phase system collected after different sonication times.

3.4 CONCLUSION

Sonochemical synthesis of CdSe QDs was performed in a single-phase and an emulsion-
based system, while keeping the bulk sample temperatures low (< 70°C). Conversion of precursors
into QDs is much faster in emulsion systems because the liquid-liquid interface serves as

heterogenous nucleation sites for bubbles which leads to more frequent and more effective



cavitation events to drive the reactions. In emulsion systems, MSCs, (CdSe)s3 and (CdSe)s4, were
synthesized, although prolonged sonication beyond 120 minutes does also lead to the formation of
regular QDs. In addition to ligand-based stabilization, the MSCs are stabilized via the formation
of extended inorganic-organic aggregates, which are enabled by the rapid rise in MSC
concentration in the emulsion-based system. Unbundling of these aggregates by dilution
destabilizes the MSCs, resulting in dissolution and growth of MSCs into regular QDs. In the single-
phase bulk synthesis systems, evidence suggests that MSCs are created as intermediates to QD
synthesis; however, because the reaction rate is slow, the MSC concentration is too low to form
stable aggregates, and instead, they undergo Ostwald ripening to form regular QDs. Controlled,
on-demand synthesis of CdSe QDs is also demonstrated by simply turning the ultrasound ‘on’ and
‘off” at any arbitrary rate. The rate of QD production in the emulsion system was found to be 3.8
g-L'hr'! with complete conversion of precursors, which is much faster than that in the single-phase
system (0.48 g/L hr) and is comparable to that of the typical hot-injection QD synthesis, and can
likely be further optimized. Letting the temperature rise higher may speed up QD production, but
likely at the cost of a loss in temporal reaction control. Finally, although this work focuses on CdSe
QDs, there are no theoretical limitations that would prevent the synthesis of other types of QDs.
Future work will involve more detailed characterization of these CdSe QDs, along with other types

of semiconductor materials.

3.5 SUPPORTING INFORMATION

Calorimetry

To measure the actual power output from the sonication horn, calorimetry was performed

based on the method developed by Kikuchi and Uchida.'*> A 60 mL glass vial is put into a large



enough Styrofoam box such that the vial is entirely inside the box. The gaps between the box and
the vial is filled with foam sealant to insulate the vial. Enough foam sealant is used such that the
foam is beyond the height of the vial, but not covering the mouth of the vial. The vial is filled with
50 mL of water, and the sonication horn and a thermocouple are immersed in the water. The
sonication is turned on, and the temperature is tracked with time. Assuming a constant heat

capacity of water, the energy delivered to the water is calculated.

Temperature profile of the mixture with sonication

The temperature inside the reaction vessel was measured by using a thermocouple
embedded directly inside the mixture. As explained in the main manuscript the temperature of the
emulsion system is higher than that of the single-phase system because there are more cavitation
events in the emulsion system. The liquid-liquid interface between ethylene glycol and octadecene
act as heterogeneous nucleation site for bubbles. The temperature of the emulsion system starts to
go down after 90 minutes of sonication. This is likely due to the decrease of the oil phase as aliquots
are taken out, resulting in overall less liquid-liquid interface and therefore less total number of

cavitation events as well.
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Figure 3.11: Temperature of the mixture tracked with sonication time.

Control sample using a hot plate

To ensure that particle formation is due to ultrasound and not temperature, a mixture with
an identical recipe was heated on a hot plate while stirred for 3 hours. No change was observed in

the spectra, indicating that no QDs were formed.
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Figure 3.12: UV-Vis spectra of a mixture with an identical recipe to those used in sonication.



As-synthesized UV-Vis spectra of samples from emulsion system

The UV-Vis spectra of samples from the emulsion system before cleaning is shown in
Figure 3.13. These spectra are almost identical to those after cleaning. One notable difference is
that the sharp peak of the pre-cleaned samples is centered at 420, while that of the cleaned samples
is at 425 nm. This difference is likely due to a difference in ligand population on the surface of the

QDs.

200

Sonication Time
—— 15 min
—— 30 min
60 min
—— 90 min
—— 120 min
—— 150 min

150 —|

100—\

Absorbance

50 —

300 400 500 600 700
Wavelength (nm)

Figure 3.13: UV-Vis spectra of samples from the emulsion system before cleaning

MSC SAXS Data Model Fit

Fitting of MSC SAXS data was performed using SasView, a software to analyze small
angle scattering data. The data was fit to the fractal model,>' which calculates the scattering

intensity from aggregates of spheres:

2
I(q) = qbV(pp — ps) P(q)S(q) + background (3.1)



where ¢ is the volume fraction of particles, V is the volume of a single particle, p,, is the scattering

length density of the particle, pg is the scattering length density of the solvent. P(q) and S(q) are

the form factor of a sphere and structure factor, respectively, and are defined as

: e 2
P(q) _ [3(sm(qR) qR sm(qR)] (32)

(qR)3

DfT(Df-1)  sin[(Df—1)tan™1(qé)]
(Df—l)/Z (CIR)Df
e

S(q) =1+ (3.3)

where R is the particle radius, Dy is the fractal dimension, I' is the gamma function, and ¢ is the
correlation length representing cluster size. When fitting, the volume fraction, particle radius, and
fractal dimension were allowed to vary to fit the data. All other parameters were fixed. There is
inevitable product loss during the QD purification process and therefore the intensity cannot be
scaled to determine particle concentration. Hence, the fitted value of the volume fraction parameter
is meaningless, and is only meant to arbitrarily scale model intensity to data intensity. Similarly,
the values of scattering length densities are arbitrarily set since they only serve to scale the SAXS
curve up and down in a log-log plot. The background is set to 0 because the solvent was subtracted.
The correlation length is set to an arbitrarily large value of 10,000 A since the continued rise in
intensity at low-q means that the sizes of the aggregates are beyond the resolution of the SAXS
instrument. Figure 3.14 shows the model fit to the SAXS data from the emulsion system after 30
minutes of sonication. The relevant parameters obtained are the particle radius and fractal

dimension, which are 7.3 A and 1.3, respectively.
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SAXS fit of QDs synthesized in the single-phase bulk system

SAXS data was fitted to an ensemble of spherical particles using the Irena, a tool suite

within Igor Pro software.?¢
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Figure 3.15: SAXS fitting of CdSe QDs synthesized in the single-phase bulk system.



CdSe conversion calculation

The linear absorption coefficient, @ [=]cm™2, and the QD molar extinction coefficient,
e [=]M~1cm™1, are both a function of energy and can be related through

NaVxa(E)

e(E) = 1000xIn(10)

(3.4)
Where N4 is Avogadro’s number and V is volume of a CdSe QD. For CdSe QDs in the size range
of 2-8 nm, Jasieniak et al. showed that the oscillator strength across the spectra is simply
redistributed across existing optical transitions.?! In other words,

[ a dE = constant (3.5)
for any ensemble of CdSe QDs. This is especially convenient if the sample contains multiple
populations of QDs with multiple overlapping peaks, such as the ones from the emulsion system
at longer sonication times, and the size dependent extinction coefficient cannot be directly used.

First, we assume that for samples from the emulsion system, the sample up to sonication
time of 90 minutes is exclusively composed of MSCs, and therefore we can obtain the
concentration of QDs using Beer’s law:

A =¢&lC (3.6)
where A is the absorbance, ¢ is the molar QD extinction coefficient, [ is the path length, and C is
the concentration. The value of € is 1.60 x 10° M™! cm™!, calculated using the relation given by
Jasieniak.?! The concentration of (CdSe) cation-anion pair is obtained by multiplying the QD
concentration by 33.5, since the absorption peak at 420 nm corresponds to MSCs (CdSe)s3 and
(CdSe)34.** The area under the UV-Vis spectra, [ A dE, is calculated by using the trapezoidal rule
from the UV-Vis data. The area per (CdSe) cation-anion pair is then calculated by dividing the

area by the (CdSe) concentration calculated directly from ¢ earlier.



Area

(cdSe) =

_ [AdE
"~ [(cdSe)]

(3.7)

The value of B is averaged from sample from the emulsion system up to 90 minutes of sonication,

since it was assumed that the sample only composed of MSCs up to this point. This value is then

used with the area, [ A dE, to calculate the (CdSe) cation-anion pair concentration for all samples.

A summary of this calculation is shown in Table 1S.

Table 3.1: Summary of the calculations used to determine the concentration of (CdSe).

Sonication | Absorbance | QD conc. | !(CdSe) %(CdSe) 3(CdSe)

Time at 420 nm (M) conc. (M) Area B M) | conc. (M) | conc. (M)

15 4.10E+01 | 2.56E-04 | 8.59E-03 | 1.93E+01 | 2.25E+03 | 9.24E-03 | 7.65E-03

30 6.32E+01 | 3.96E-04 | 1.33E-02 | 2.87E+01 | 2.17E+03 | 1.37E-02 1.18E-02

60 1.28E+02 | 7.99E-04 | 2.68E-02 | 5.19E+01 | 1.94E+03 | 2.48E-02 | 2.38E-02

90 1.63E+02 | 1.02E-03 | 3.41E-02 | 6.85E+01 | 2.01E+03 | 3.28E-02 | 3.04E-02
120 1.93E+02 9.41E+01 4.50E-02
150 1.76E+02 1.13E+02 5.39E-02
180 1.58E+02 1.32E+02 6.30E-02

1. Calculated by multiplying the QD concentration by 33.5.

2. Calculated by dividing [ A dE by the average B.

3. Calculated from the QD concentration, particle radius of 0.73 nm from SAXS data fitting, and assuming

a CdSe density of 5.82 g/mol.

The calculated concentration of (CdSe) from method 2 agrees well with the values from

method 3, which validates the assumption that those samples are composed of only MSCs (CdSe)33




and (CdSe)z4. Values from method 1 also agrees with values from method 3, which validates the

radius parameter from SAXS data fitting.
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Chapter 4. EFFICIENT ELECTROSTERIC ASSEMBLY OF
NANOPARTICLE HETERODMERS AND
LINEAR HETEROASSEMBLIES

Reproduced with permission from Kastilani, R., Wong, R., & Pozzo, L. D. (2018). Efficient
Electrosteric Assembly of Nanoparticle Heterodimers and Linear Heteroassemblies. Langmuir,

34(3), 826-836. https://doi.org/10.1021/acs.langmuir.7b01323. Copyright 2017 American

Chemical Society.

4.1 INTRODUCTION

Interests in controlled assembly of nanoparticles has spiked due to the unique properties
that arise with these ensembles. Just as nanoparticles behave differently than their corresponding
material in bulk, new properties are unlocked when nanoparticles are assembled into larger

structures with multiple sub-units. The applications of these structures are ubiquitous, including

2 12,13

optoelectronic devices,' sensors,>”’, data storage,® ' protein separation,'! and catalysis,
among others. In creating these structures, it is important that the assembling process is precise,
scalable, efficient and economic so that these technologies can be successfully translated to benefit
society. In this respect, bottom-up self-assembly could be significantly more advantageous than

4 As more bottom-up techniques are

well-established top-down manufacturing processes.
developed, more complex structures can be created, leading to new properties, functionalities, and
applications.

In this work, we focus our attention to developing a novel self-assembling process to

organize two or more different types of particles to produce various kinds of heteroassemblies. In

the case of assemblies of two particles of different kind, these are essentially Janus doublets or



heterodimers. Larger assemblies containing multiple particles are also possible. These clusters are
interesting because of the unique properties that can arise when mismatched nanoparticle pairs are
clustered.'® Furthermore these heteroassemblies can also institute multiple functionalities onto a
single colloidal entity, creating multifunctional materials. For example, Jang et al. created Pd-
Fe304 doublets that are used as recyclable catalysts in Suzuki coupling reactions.'* Xu et al. also
synthesized Au-Fe3O4 doublets that are used as dual functional probes for simultaneous optical
and magnetic imaging.'®

Many different techniques have been developed to create these heteroassemblies,!”2°
employing either direct synthesis of heteroassemblies or assembly of pre-existing particles. In
direct synthesis, the second type of nanoparticle is grown directly onto the existing first type of
nanoparticle. The second material can be deposited epitaxially by taking advantage of the
difference in lattice parameters so that they share a coherent interface. The second material can
also be deposited non-epitaxially, and then by increasing the interfacial tension using heat, the
second material will coalesce to one side to minimize the interfacial tension. Finally, the second
material can also be deposited across immiscible liquid-liquid interface. In this method, one type
of nanoparticles is dispersed in an organic solvent, while a metal salt is dissolved in an aqueous
phase. Upon reduction of the metal salts, the metallic particles self-assemble and join the existing
organic-dispersed nanoparticles at the interface to form heterodimers. A general approach to create
doublets of noble metals and semiconductor/magnetic particles by direct epitaxial heterogeneous
nucleation has also been patented, demonstrating the economic importance of these complex
materials.?!

Alternatively, heteroassemblies can also by be synthesized from pre-existing particles by

using highly-specific molecular targeting molecules as the driver for assembly or by tuning the



environment>'%?2-25_ Yet, each of these methods have unique limitations including the use of
complex and expensive chemical steps, fundamental limitations on the types of materials that can
be assembled, the use of very high temperatures, and/or limitations in the type of assembled
structures that can be formed (e.g. only suitable for dimers). Furthermore, several of these methods
produce structures that are dispersed in organic solvents and many applications, such as in
biomedical uses'é, require particles to be dispersed in aqueous media.

Here, we present a simple and general methodology to controllably assemble two different
types of pre-existing nanoparticles using combined steric and electrostatic forces, which are known
as electrosteric interactions. We also demonstrate how this approach can be used to create
heterodimers and other heteroassemblies in stable dispersion. The self-assembly is carried out in
water, at room temperature, using relatively inexpensive raw materials. The method is an extension
of previous work by Larson-Smith, where gold nanoparticles (GNP) were functionalized with
polyethylene glycol (PEG) thiols and hydrophobic thiols to induce a controlled assembly process.>°
The hydrophobic thiols induce particle aggregation, but the extent of aggregation is effectively
controlled and limited by the amount of PEG that is loaded on the surface of the GNPs. When
more PEG is loaded on the surface, smaller particle assemblies are generated. Using this method,
they successfully demonstrated the spontaneous formation of doublets, triplets, and so on by only
controlling the amount of PEG that was added to the solution. In this work, instead of relying on
hydrophobic thiols to induce attraction, the new method uses oppositely charged alkane-thiols to
induce controlled aggregation of two different species of nanoparticles. Two different sized gold
nanoparticles (GNP) were used as a model system since they are easily synthesized and visualized
in the electron microscope. A schematic overview of the synthesis and assembly method is shown

in Figure 4.1. We demonstrated that the PEG surface density controlled particle assembly and that



we were able to successfully create heterodimers and linear heteroassemblies. Moreover, the
structures have been thoroughly analyzed by UV-Vis spectroscopy, dynamic light scattering
(DLS), thermogravimetric analysis (TGA), transmission electron microscopy (TEM), and small

angle x-ray scattering (SAXS).
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Figure 4.1: Schematic diagram of the process that is used to assemble nanoparticle
heteroassemblies in dispersion. Controlled assemblies are created by balancing electrostatic
attraction between oppositely charged particles through steric repulsion imparted by surface-bound
PEG molecules. TEM micrographs of particles at different stages in the process are also included

for comparison.

4.2  EXPERIMENTAL

Chemicals
Gold(III) chloride, sodium citrate, mercaptosuccinic acid, 8-mercaptooctanoic acid, 12-

mercaptododecanoic acid (MDA), 8-amino-l-octanethiol chloride (8A10), and (11-



Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MUTA) were obtained from Sigma
Aldrich (St Louis, MO). Hydrochloric acid, sodium hydroxide, and sodium chloride were obtained
from Fisher Scientific (Hampton, NH). Mono-functional thiol-terminated poly(ethylene glycol)
methyl ether (10 kDa) was obtained from Polymer Source (Dorval, Quebec, Canada). All

chemicals were used as received.

Particle Synthesis

Two different types of gold nanoparticles (GNPs), measuring 13 nm and 7 nm in diameter,
were used in this investigation. The 13 nm GNP were synthesized using the Turkevich method as
refined by Frens,?” where 0.75 mmol of HAuCls dissolved in 625 mL of water was brought to a
boil, and 75 mL of 38.8 mM solution of sodium citrate was added to synthesize 750 mL of
dispersion. The 7 nm GNP were synthesized using the method proposed by Martin et al.,?® where
0.25 mmol HAuCl4 and HCI dissolved in 490 mL of water was brought to boil, and 10 mL of 0.1
M NaBH4 and NaOH was added to create 500 mL of 7 nm GNP solution. In both synthesis, a
condenser was implemented to prevent water loss, the solution was vigorously stirred throughout
the reaction, and stirring was continued for 20 minutes after a red color was obtained while still

boiling to allow for Ostwald ripening.

Surface Functionalization with PEG

Each batch of GNPs was functionalized with mono-functional PEG-thiol by dosing a
controlled amount of molecules per surface area (0 — 4 chains/nm?) from a 1 mM PEG-thiol
aqueous stock solution. Stock solutions were made and used within 5 minutes to minimize the

potential formation of disulfide bonds that can lead to reduced activity. The thiol functional group



of the PEG molecules would then bind to the surface of the GNPs to create ‘hairy particles’. The
dispersions were allowed to react for 24 hours before subsequent functionalization with charged

thiols.

Surface Functionalization with Charged Alkane-Thiol Molecules

Corresponding charged thiols were added from a 10 mM stock solution in ethanol at a
surface concentration (30 chains/nm?) that was well above the maximum thiol packing density (~6
chains/nm?).2°-2 Stock thiol solutions were also made and used within 5 minutes to minimize the
potential formation of disulfide bonds that could lead to inactivation. These small charged thiols
would diffuse through the PEG adlayer and bind onto unoccupied surface sites to create ‘charged-
hairy particles’.>> The 13 nm GNPs were functionalized with an anionic thiol while the 7 nm
GNPs were functionalized with cationic thiols. The dispersions were allowed to react for 24 hours
before subsequent dialysis to remove unbound PEG and excess charged thiol from solution. Each
batch was dialyzed into 1 mM NaCl buffer for 21 hours, with the buffer having 100x volume
relative to that of the sample, and the solution was changed at the 2 and 7-hour marks. Dialysis
membrane Spectra/Por 6 with 50 kDa pores was obtained from Spectrum Laboratories (Rancho

Dominguez, CA). The pH of the dispersion was adjusted to 6.0 using HC1 or NaOH after dialysis.

Thermogravimetric determination of PEG concentration

Post-dialysis dispersion was concentrated using a stirred ultrafiltration cell (Millipore,
Billerica, MA), lyophilized and analyzed using a thermogravimetric analysis (TGA) instrument
(Q50 TA Instruments, Newcastle, DE). Samples were ramped at 1 °C/min until 550 °C under

nitrogen gas flowing at 40 mL/min.



Self-assembly Process

The dispersions were mixed at a desired particle ratio of 13nm GNP and 7nm GNP, at room
temperature. To get the appropriate ratio, first, complete reduction of gold ions during particle
synthesis was assumed and corroborated with SAXS experiments (supplemental information). The
concentration of the particle dispersion depends very strongly on the volume of each particle.
Because the volume of a particle is proportional to R3, small errors in particle size measurement
lead to significant errors in concentration calculation. To solve this, the two dispersions were
mixed in varying volume ratios to count the particles and a correlation curve was used to determine
the dispersion volume ratio that would be necessary to create the desired particle ratio. In this
work, systems with 1:1 particle ratio were the most interesting and is the focus of the analysis, but
systems with excess particles (i.e. 10:1 and 1:10 particle ratios) were also investigated
(supplemental information). The mixtures were then left for two days for the particles to assemble

and reach their final structures before final analysis.

Characterization

UV-Vis spectroscopy was performed using Thermo Scientific Evolution 300 (Waltham,
MA) over a range of 300 — 800 nm with 2 nm bandwidth. Before analysis, samples were diluted
with water to reduce the concentration by a factor of four. Dynamic light scattering (DLS) was
performed using a Malvern Zetasizer Nano ZS (Malvern, United Kingdom), using a laser
wavelength of 633 nm. Samples were diluted by a factor of ten with water. Transmission electron
microscopy (TEM) was performed using FEI Tecnai G2 F20 Supertwin (Hillsboro, OR). Samples
were diluted twenty times with water and drop cast onto a 400 mesh copper grid with thin carbon

film (Redding, CA). Significant dilution was necessary to allow for the identification of isolated



particle assemblies. Prior to drop casting, the TEM grid was processed in a glow discharge
chamber to make the surface more hydrophilic, which prevented particle aggregation during
drying. Analysis of TEM images were performed using ImageJ software, developed by National
Institute of Health. Small angle x-ray scattering (SAXS) was performed using beamline 12-ID-B
in Advanced Photon Source, Argonne National Laboratory. SAXS data were analyzed using the
Igor Pro SANS and USANS toolkit developed by National Institute of Standards and Technology,

Center for Neutron Research.

4.3 RESULTS AND DISCUSSION

Gold particles were chosen because their surface chemistry is well understood and because
monodisperse particles of variable size can be easily produced without the use of strongly-bound
surface capping agents (e.g. thiol). The use of differently-sized nanoparticles facilitates the
identification of particle populations in electron microscopy. GNPs of different type were
synthesized in separate batches. Particle sizes were measured using TEM (N > 100) and particle
concentration was calculated assuming complete reduction of gold ions and bulk density of gold.
The total volume fraction of gold particles in each dispersion was measured with SAXS in absolute
scale. The SAXS results had very good agreement with the assumption of complete reduction of
gold ions. Both the 13 nm and 7 nm GNP solutions were initially red in color due to surface
plasmon resonance, as indicated by a strong absorbance peak around 520 nm in the UV-Vis spectra
(Figure 4.3a), which is typical of GNPs at this size range. Key parameters from the resulting

dispersions are shown in Table 4.1.



Table 4.1: Parameters corresponding to the GNP dispersions that were synthesized and used in this
work. Different sized GNPs facilitates differentiation of particles in electron microscopy. *From

TEM analysis "Calculated from initial gold ion concentration and average particle size.

GNP Diameter?® PDI* Nanoparticle
Concentration®

Larger 13.2 nm 0.0064 8.23x 102 cm™

Smaller 7.0 nm 0.0289 2.6x 10" cm™

Consistent with previous work in our group,?® the amount of PEG chains that actually binds
to the surface of the gold is much lower than the actual dosing amount. This is a result of PEG-
thiol — gold binding that is affected by surface morphology, thiol reactivity, solvent quality, and
the possible presence of other thiol moieties (e.g. excess charged thiols) in solution. The actual
amount of PEG chains that are bound to the surface of the gold particles were determined by
thermogravimetric analysis (TGA). TGA curves are given in the supporting information. Results
in Table 4.2 show that only a small fraction (15-30%) of the dosed PEG actually binds to the
surface of the GNPs and that the fractional binding efficiency is strongly affected by the particle
size. Since the PEG binding is never complete, we make a distinction between PEG dosing and
actual bound PEG. Henceforth, the reported numbers will be of the PEG surface concentration

rather than PEG dosing.



Table 4.2: Dosed PEG concentration and actual surface concentration of thiol molecules on the

surface of GNPs as determined by TGA.

13 nm GNP 7 nm GNP
PEG Surface | MDA Surface PEG Surface | MUTA Surface
PEG dosing | Concentration | Concentration PEG dosing | Concentration | Concentration
(chains/nm?) | (chains/nm?) (molecules/nm?) (chains/nm?) | (chains/nm?) (molecules/nm?)
1 0.15 4.60 1 0.32 3.70
2 0.31 6.73 2 0.66 3.34
3 0.43 6.49 3 0.70 3.23
4 0.58 5.90 4 0.84 3.16

Since heteroassemblies are desired, it is very important to maximize electrostatic attraction
in these systems. Stronger electrostatic forces encourage binding between oppositely charged
GNPs and discourage homoaggregation between equally-charged GNPs. Hence, all samples were
dosed with excess cationic/anionic thiols. A decreased concentration of charged ligand would
lower the surface potential, decreasing attraction between oppositely charged particles
(heteroaggregation) and also decrease the barrier against homoaggregation. This situation is akin
to adding salt into the dispersion, and its effects can be observed in Figure 4.2. Since the goal is to
create heteroaggregates, it is imperative to maximize the electrostatic charge. There are two key
parameters that can be optimized to maximize electrostatic forces: the charge density/potential on
the GNPs’ surfaces and the Debye length of the solution. Several cationic and anionic candidates
for charged thiols were considered, and zeta potential experiments were performed to see which
molecules would result in the greatest surface electrostatic potential. After this analysis, MDA and
MUTA were chosen as the anionic and cationic thiols due to their large zeta-potential magnitudes
with opposite sign over a broad pH range. However, several other candidate thiols resulting in

similar surface properties were also identified and could have also been used in this work. This



suggests that significant design flexibility is possible for this controlled assembly methodology.
Details regarding the zeta potential experiments are provided in the supporting information.

A thorough dialysis step is also essential to maximize electrostatic interactions and to
achieve a high concentration and yield of heteroassemblies. First, dialysis removes excess ions
that are present after the synthesis of the GNPs such as citrate and chloride ions to reduce screening
and to maximize the range of the electrostatic interactions. Secondly, dialysis also removes free,
excess PEG and charged thiols to prevent charge neutralization that can be caused by ligand
exchange after mixing particles of different surface charge. Thiols are known to bind competitively
to gold surfaces and, if thiols of opposite charge are present, they can adsorb to produce a more
favorable neutral particle while reducing electrostatic attraction. Self-assembled monolayers of
cationic thiols on a nanoparticle are known to be competitively replaced by free anionic thiols in
solution and vice versa.>**°

In this work, it was decided to dialyze particles into a solution of 1 mM NaCl so that the
ion concentration would be low but also controlled across different samples. With the known
solvent properties and surface potential from zeta potential measurements, interaction potentials
could be estimated for charged particles in the absence of steric interactions (Figure 4.2). The

electrical interaction potential was calculated using a modified Hogg-Healy-Fuerstenau (HHF)

formula for dissimilar particles:*!

Eaq1as

CI)Elec = i i [(lpl + ‘Pz)z ln(l + e_KSO) +

4(a1+a2 +So)

(Y1 — ¥2)? In(1 — e~*%0)] (4.1)

and the van der Waals interaction potential values were calculated using the Hamaker approach:*?
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In eq 4.1 and eq 4.2, a, is the radius of the particle, So is the distance of closest approach between
particles, € is the dielectric constant of the medium, y, is the surface potential, « is the inverse
Debye length, and A the Hamaker constant of gold across water. Since steric repulsion from PEG
is not included in these calculations, this would only apply to particles that preferentially approach
and bind on surface regions that have few or no PEG molecules present to generate steric repulsion.
The DLVO calculations serve to demonstrate the role of electrostatics in the system, such as how
interactions are affected by salt concentration to dictate the assembly of heteroaggregates versus
homoaggregates. Including a steric term to these calculations would convolute the role of
electrostatics with sterics. Moreover, to estimate these forces, significant assumptions are required
regarding the polymer surface distribution that would lead to significantly more uncertainty in
trying to quantitatively describe steric forces. This could result in potential misrepresentations of
the data. Still, this simple analysis can provide great insight into the effect of altering electrostatic
interactions by changing solution conditions. Surface potentials for the models were approximated
from zeta potential measurements that were carried out on charged particles without any bound
PEG-thiol. These zeta-potentials were -77 mV for the 13 nm GNPs and 38 mV for the 7 nm GNPs
at a pH of 6. Depending on the nature of the charged thiol molecule, the surface charge can vary
depending on the pH of the solution. However, since we desire strong opposite charging on the
particles for assembly at the same solution conditions, the pH should be such that it is well below

the pKa of the cationic thiol and well above that of the anionic thiol. For this study, the pH of all



solutions was fixed at 6.0, where both sets of thiols were fully charged. It should be noted that for
these particular thiol molecules, the pH range where high opposite charges could be obtained was
broad and ranged from pH 4 — 12. As anticipated, the results of this DLVO analysis (Figure 4.2)
clearly show that higher salt concentrations encourage homoaggregation and discourage

heteroassemblies, both of which are undesirable.
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Figure 4.2: DLVO plots showing the potential between a) oppositely charged 7 nm GNP and 13

nm GNP, b) two anionic 13 nm GNPs, and ¢) two cationic 7 nm GNPs.

If the GNPs were to assemble and be close together (i.e. less than one diameter apart), one

would expect to observe plasmonic coupling between the particles that would result in a red-shift



the absorbance peak (Figure 4.3a) and a color change from red towards purple. After self-assembly
was initiated by mixing oppositely charged particles, the mixtures were left for two days to allow
sufficient time for the particles to assemble and reach their final structure. The required assembling
time span was determined by measuring the UV-Vis spectra for mixtures every 24 hours; the
spectra at the 48-hour mark and the 72-hour mark were very similar, indicating that assembly was
complete after two days.

Examples of the UV-Vis spectra for individual particles and their 1:1 mixtures are shown
in Figure 4.3a, with the red-shifts demonstrated. The red-shifts are modest (i.e. 10’s of nm) due to
the long spacer length of the charged thiols, which results in weak coupling of surface plasmons,
and due to the small size of the nanoparticle assemblies. This is also consistent with previous work
that showed smaller plasmonic red-shifts with longer thiol spacers.?® Nevertheless, the change is
very reproducible and it is well within the resolution of the spectrophotometer (= 1 nm). A

summary of the peak wavelengths is shown in Figure 4.3b.



Q
O
-

1.0 - 540 A
. 2 PEG surface concentration
PEG chains/nm” on ) 2
13 nm : 7 nm GNP ~ 538 on 13 nm GNP (chains/nm’)
— 0.58:0.84 g 0.00
— 0.32:0.31 - 0.15
0.8 — 0.32:0.00 S 536 m 0.31
—— 7 nm GNP-PEG . m 043
~ —— 13 nm GNP-PEG S 534 0.58
D T L
< o6 ®
o O S 532 J
e ©
& 1.00 2 i
8 ‘ § 530-
<) o -
2 0.4~ 0.991 5 T I ,
< 2 528 L i |
0.98 < L |
™ T
0.2 - 0.974 COL) | L
0.96 i ; 4 . 524 (
510 520 530 540 550 — - - _
| | | | 032 ' 066 | 070 ' 084
400 500 600 700 PEG surface concentration
: 2
Wavelength (nm) on 7 nm GNP (chains/nm”)

Figure 4.3: UV-Vis spectra of GNP mixtures. a) Examples of the UV-Vis spectra of singlets and
assemblies of GNPs. Insert shows the plot zoomed in at the peaks. b) Dependence of peak
wavelengths with different PEG surface concentration on both 13 nm and 7 nm GNPs. Error bars

represent one standard deviation of samples prepared in triplicates.

In order to further investigate the trends observed in UV-Vis experiments, dynamic light
scattering (DLS) experiments were performed to identify changes in hydrodynamic dimensions
that result from the formation of particle assemblies. Figure 4.4 shows some example of DLS size
distributions for 1:1 particle mixtures containing different PEG surface concentrations on each
type of particle. The hydrodynamic diameter of the bare 13 nm GNP, without any surface-bound
PEG, is very close to the true diameter as measured by SAXS and TEM. When the GNP is
functionalized with PEG, the polymer adlayer adds hydrodynamic drag and this increases the
hydrodynamic diameter. The amount of increased drag depends on PEG surface concentration on
the GNPs and on the molecular weight of the polymer. For example, for the 13 nm GNPs, the

lowest and highest PEG surface concentration of 0.15 chains/nm? and 0.58 chains/nm? increased



the hydrodynamic diameter by 10 nm and 15 nm respectively. When oppositely charged particles
are mixed, the hydrodynamic drag increased further due to the formation of multi-particle
assemblies. The peak sizes from DLS measurements as a function of PEG loading on the GNPs

are shown in Figure 4.4b.
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Figure 4.4: a) DLS size distributions for bare particles, PEG-coated particles and multi-particle
heteroassemblies. b) Dependence of hydrodynamic diameter on PEG surface concentration of 13

nm and 7 nm GNPs. Error bars represent one standard deviation of samples prepared in triplicates.

While UV-Vis and DLS indirectly measure parameters that are related to the size of the
particles in dispersion, these techniques do not have the high resolution that is necessary to probe
their shape. A high-resolution technique is necessary to corroborate that heteroassemblies are
being formed by electrosteric interactions and that homo-aggregation is not occurring. To that
effect, TEM was performed on selected samples at several different PEG concentrations in each
particle type to identify the anticipated changes in structure. At relatively high PEG concentrations,
such as 0.66 PEG/nm? and 0.43 PEG/nm? on the 7 nm and 13 nm GNP respectively, a very high

concentration of doublets was selectively produced with a yield that was greater than 66% (Figure



4.5) which we call the ‘doublet’ sample. More images of this sample can be seen in the supporting
information. This represents an improvement of more than twice the efficiency for doublet
formation that was found in recent work.*’ Unfortunately, the heterodimer yield could not be
compared to several other published methods since efficiency numbers (i.e. yield of desired

structure) were not reported.
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Figure 4.5: a) TEM images for a sample containing particles mixed at a ratio of 1:1 (cationic:
anionic) that were loaded with 0.66 PEG/nm? and 0.43 PEG/nm? on the cationic 7 nm and anionic
13 nm GNP respectively. b) A frequency plot of the observed cluster sizes in terms of the number
of large and small particles that were incorporated into the heteroassembly. The total number of

structures that were counted was 115.

TEM images were also obtained for samples that had lower surface concentration of PEG
since they were expected to produce larger heteroassemblies. Figure 4.6 shows some
representative images obtained from a sample where PEG molecules were bound at a concentration

of 0.32 and 0.31 chains/nm? for the 7 nm and 13 nm GNP, respectively. Clearly the resulting



heteroassemblies are much larger with less surface-bound PEG, which is what was also anticipated
from UV-Vis spectroscopy and DLS data. However, in contrast to previous work, where
hydrophobic attraction was use, the assemblies that were observed in these TEM images tend to
be linear in nature rather than globular.?® Moreover, the size distribution of assemblies is much
wider than that of samples that contained larger amounts of PEG and formed doublets. Samples
with this intermediate PEG surface concentrations had observable assemblies that ranged from
triplets (Figure 4.6¢) to very long chains of more than 20 sub-particles (Figure 4.6f). TEM images
were also taken for a different intermediate PEG surface concentration of 0.66 and 0.15 chains/nm?
for the 7 nm and 13 nm GNPs, respectively (supporting information). The resulting assemblies
were similar to those in Figure 4.6: polydisperse linear heteroassemblies. At lower surface
concentration of PEG, but high enough to sustain stability, even larger assemblies were created
and the resulting structures had a higher fractal dimension (i.e. they were more globular than
linear). Examples of these structures are show in Figure 4.7, where the surface PEG concentration

was 0.32 and 0.15 chains/nm? for the 7 nm and 13 nm GNPs, respectively.
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Figure 4.6: TEM images of a sample with particles mixed at a ratio of 1:1 (cationic : anionic)
where the surface PEG concentration (10 kDa) corresponded to 0.32 and 0.31 chains/nm? on the 7

nm (cationic) and 13 nm (anionic) GNP, respectively. Linear heteroassemblies were observed.



Figure 4.7: TEM images of a sample with particles mixed at a ratio of 1:1 (cationic : anionic)
where the surface PEG concentration (10 kDa) corresponded to 0.32 and 0.15 chains/nm? on the 7

nm (cationic) and 13 nm (anionic) GNP, respectively. Assemblies were more globular in structure.

To further confirm that these heteroassemblies were created in dispersion, rather than due
to drying effects during TEM grid preparation, SAXS was also used to analyze the sample in-situ
while dispersed in water, probing a large ensemble of particles rather than individual snapshots on
a TEM grid. SAXS would also demonstrate the scalability of this approach where the assembly
process proceeds in bulk dispersion that could be of arbitrarily large volumes, at relatively large
particle concentrations (i.e. large for nanoparticle systems) and that the cost of the raw materials
is lower than for other competing approaches (e.g. DNA templating). In SAXS, a collimated x-ray
beam hits the dispersion and some photons are scattered at various angles due to their interactions
with the dispersed materials. The intensity of scattered and transmitted x-rays are collected as a
function of scattering angle. For analysis purposes, the intensity I(q) is plotted against the
scattering vector q, which is dependent to the scattering angle and the photon wavelength. 1(q)
represents the Fourier transform of the correlation function of electron density in the sample. The
profile that is generated depends on the material composition and shape/geometry of the sample.

Since the scattering intensity is strongly related to the electron density contrast (i.e. between



dispersed and continuous phases), the scattering signal from SAXS is dominated by the GNPs and
the PEG chains are essentially ‘invisible’ via this technique. In other words, SAXS allows for the
analysis of the interparticle distances between GNPs without being affected by the surface-bound
organic molecules. The dependence of PEG surface concentration on the scattering profile is
shown in Figure 4.8. In each figure, the PEG surface concentration of the 13 nm GNPs was varied

and that of the 7 nm GNPs was fixed (Figure 4.8a), and vice versa (Figure 4.8b).
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Figure 4.8: Dependence of PEG surface concentration and SAXS profile when a) PEG surface
concentration on 7 nm GNP is fixed at 0.32 chains/nm?, b) PEG surface concentration of 13 nm
GNP is fixed at 0.00 chains/nm?. Other combinations of PEG surface concentration show very
similar pattern. ¢) Theoretical scattering profiles of various assemblies as calculated using the
Debye model (eq 4.3); L represents a 13 nm GNP (large) and S represents a 7 nm GNP (small). d)
Comparison of scattering profiles between doublets and mixed singlets, both theoretical and
experimental data. Insert compares the scattering profile between a sample where no charged thiols
were used (i.e. singlets) and samples loaded with the maximum PEG surface concentration in this

work, 0.84 and 0.58 chains/nm? for the 7 nm and 13 nm GNPs, respectively.



The theoretical scattering intensity for different particle assemblies was calculated with
help from the Debye model for complex systems consisting of individual spherical subunits (eq
4.3). In eq 4.3, q is the scattering vector, rjj is the center to center distance between the spherical
subunits and F; is the form factor of the individual particles. For spheres, the form factor is defined
in eq 4.4, where R is the radius of the sphere. Note that the Debye model is only useful for modeling
the scattering profile for a monodisperse structure where there are no variations in the size, number
or the relative position of the individual components (i.e. primary particles) of heteroassemblies in
the dispersion. For polydisperse samples, the Debye equation would have to be used to model each
type of assembly individually and this would need to be weighed by the relative abundance of each
species in the dispersion. Assuming linear assemblies, the theoretical scattering profiles for these

assemblies was calculated and shown in Figure 4.8c.

sin(qrij)
1(q) « XL Fi(@? + 2 XL, Xitivq Fi(@F;(q) Tj] (4.3)

3[sin(qR)—qR cos(qR)]
(qR)3

F(q) = (4.4)

The PEG molecules serve as stabilizers against uncontrolled particle aggregation. At one
extreme, when the PEG functionalization step was skipped and there were no PEG molecules
attached to the surface of the GNPs, uncontrolled aggregation and sedimentation was observed
due to attractive electrostatic and van der Waals forces. This contradicts a previous work by
Gschneidtner et al., where oppositely charged colloids were able to form stable dispersions without
any polymer protection.** On the other extreme, when there are abundant PEG chains on the
surface of the GNPs, previous work has shown that clustering can be completely inhibited and this

was also observed in our work.?® Somewhere in the middle, there is a balance of electrostatic



attraction and polymer steric repulsion that is suitable to create particle assemblies of controlled
size. We observed that dosing the GNPs at PEG concentrations of 0 to 4 chains/nm? covered the
entire spectrum from large aggregation to stable colloidal assemblies (e.g. doublets) and fully
stabilized individual particles. Mixtures of particles where the 7 nm GNPs functionalized with
only MUTA (no PEG) never reached a stable final structure regardless of the PEG loading on the
13 nm GNPs. Eventually these particles aggregated and sedimented within a few weeks.
Significant differences were observed in the stability of the ‘as-synthesized’ nanoparticles
that were used in this study. It was noted that, before mixing, the anionic 13 nm GNP were
significantly more stable than the cationic 7 nm GNP. In the absence of PEG conjugation to the
surface, the cationic 7 nm particles were not stable over long times (days). This effect was due to
the lower surface charge density that could be achieved upon conjugation with MUTA as
compared to conjugation with MDA. Therefore, despite the fact that the van der Waals attraction
is lower for smaller particles, the electrostatic repulsion that prevents homoaggregation was
significantly weaker for the smaller particles. In fact, the zeta-potential values of the GNPs
functionalized with MUTA (+38 mV) were significantly lower than those functionalized with
MDA (-77 mV). This is further quantified with the predictions from DLVO theory (Figure 4.2).
While the 13 nm particles have a large energy barrier against homoaggregation, the bare 7 nm
particles have an energy barrier of less than 2 kT. TGA measurements also showed that the MUTA
surface concentration was up to 50% lower than that of the larger GNPs functionalized with MDA.
Therefore, for the GNPs with MUTA used in this study, a small amount of surface-bound PEG
was essential to preventing homoaggregation from occurring in the long term. Still, TEM images
showed that heteroaggregation with oppositely charged GNPs are preferred over homoaggregation

between positively charged 7 nm GNPs. As a control, when oppositely charged 13 nm and 7 nm



GNPs without PEG functionalization were mixed, a color change from red to purple was observed
in the dispersion within a few minutes, indicating rapid formation aggregates, and sedimentation
followed within a few hours. In contrast, signs of homoaggregation between GNPs functionalized
with only MUTA (no PEG) were only observed after several weeks at rest.

When the 13 nm and 7 nm GNP were mixed together in 1:1 ratio, UV-Vis (Figure 4.3b),
DLS (Figure 4.4b), and SAXS (Figure 4.8) suggest that lower PEG loading on the GNP resulted
in larger clusters. This is in perfect agreement with the observations made by Larson-Smith et.al.
for particle assemblies that were formed by hydrophobic attraction and steric repulsion.?® Here,
the formation of multi-particle assemblies caused surface plasmons on the surface of neighboring
GNPs to couple together and this was observed as a shift in the primary resonant frequency to a
larger wavelength. As the resulting particle assemblies increase in size, due to a decrease in steric
repulsion (i.e. PEG surface concentration), the red-shift increased further (Figure 4.3b). DLS
results (Figure 4.4b) further supported the trends observed from UV-Vis spectroscopy. Here, the
hydrodynamic diameter of the particles was calculated from the measurement of diffusion
coefficients that are obtained from DLS. When comparing Figure 4.4b to Figure 4.3b, the trend is
very similar. Larger hydrodynamic diameters are measured in samples containing less PEG
loading on either type of GNPs, indicating the formation of larger clusters. Although the expected
changed in size with PEG surface concentration were very evident in DLS, it must be noted that
the hydrodynamic diameter values will deviate from the real size of the heteroassemblies when
their aspect ratio is very large (i.e. linear structures). This is due to the intrinsic use of the spherical
Stoke-Einstein relation that is used to convert between diffusion coefficient and particle size.
Nevertheless, the DLS results provided a useful assessment of the effect of changing the steric

interactions between particles. SAXS, which allows the measurement of size of solely the GNPs



without the effect of PEG, also confirms the findings of UV-Vis spectroscopy and DLS. In light
of the linear assemblies observed under TEM, theoretical scattering profiles of various assemblies
were calculated (Figure 4.8c). It is evident that higher intensity and absolute value of the slope at
low-q, indicating a larger radius of gyration, were observed for larger linear assemblies. A very
similar pattern is seen for samples functionalized with less PEG (Figure 4.8a,b). Although not all
combinations of PEG surface concentrations are shown here, other combinations show a very
similar pattern.

Also in agreement with previous work, loading the particles with a very large amount of
surface-bound PEG prevented their assembly from occurring due to strong steric repulsion.
Therefore, this resulted in the formation of a stable mixture of dissimilar particles, where the
electrostatic attraction would not be enough to overcome the steric repulsion imparted by the
polymer. In the insert of Figure 4.8d, the scattering curve of a sample with a high PEG surface
concentration of 0.84 and 0.58 chains/nm? on the 7 nm and 13 nm GNP, respectively, is identical
to that of a perfectly stable control sample that was prepared at an identical particle ratio (1:1) but
lacking charged thiols and electrostatic attraction. This result demonstrated that loading the
particles with a large amount of PEG was sufficient to prevent their assembly from occurring
resulting in a stable mixture of dissimilar particles.

When a slightly lower surface concentration of PEG was used (0.66 PEG/nm? and 0.43
PEG/nm? in the 7 nm and 13 nm GNP respectively), a very high concentration of heterodimers
was selectively produced with a yield of greater than 66% (Figure 4.5). This result suggested that
clustering was effectively limited by steric interactions at high PEG surface concentrations but
there was still sufficient free surface to allow for the formation of doublets. In addition to TEM,

SAXS analysis of these samples (Figure 4.8d) also supported the formation of stable doublets in



dispersion. This was demonstrated by comparing experimental SAXS data and model predictions
for heterodimers and for a sample with identical composition but no attractive interaction (i.e. no
charged thiols). From Figure 4.8d, it is clear that the features in the data and the model correspond
well between doublets and non-interacting mixtures. The doublet model and sample had a higher
low-q intensity than the mixed-particles at low q, which indicates a larger radius of gyration. At
intermediate q values (~0.025 A™"), there is a cross-over between the profiles for the heterodoublet
and the non-interactive particle mixture that shows up in both the model and in the experimental
data. Finally, at high q values (>0.07 A™!) the profiles for the heterodoublet and the non-interacting
mixture become identical since the characteristic length-scale that is being probed by SAXS in this
range is smaller than that of an individual particle. Unfortunately, polydispersity in the particle
size prevented us from making a quantitative comparison (i.e. direct fitting) between the models
and the experimental data. It should also be noted that the lack of polydispersity in the model leads
to more prominent oscillations in the profiles when compared to the experimental scattering data.
In any experiment, the scattering signal is a sum of all the contributions from the structures in a
dispersion. If there is polydispersity in these structures, the period of oscillation would be different
from one assembly to another (eq 4.3) and this would result in significant dampening of these
oscillations.

At intermediate PEG surface concentrations, such as 0.32 and 0.31 chains/nm? for the 7
nm and 13 nm GNP respectively, steric interactions did not seem to provide tight enough control
to fully limit growth and this resulted in linear heteroassemblies with large variations in length
(Figure 4.6). Interestingly, particles in these assemblies are always alternating between the anionic
13 nm and the cationic 7 nm GNP demonstrating that their self-assembly is dominated by specific

electrostatic attraction and not by van der Waals forces or other colloidal attraction force. No



globular assemblies were observed in any of these samples (i.e. the resulting structures had low
fractal dimension). However, several linear assemblies were observed to curl back upon
themselves to create rings. There are several plausible explanations for the observation of
exclusively linear structures. If clustering is diffusion limited, then this result agrees with previous
work showing that diffusion limited growth results in structures of lower fractal dimension. The

4445 reaching

fractal dimension was found to increase monotonically with stability ratio and shear,
even lower fractal dimension at low ionic strength.*® Another explanation comes from the
electrostatic fields that surround the structures. Figure 4.8 shows a finite element model simulation
of the electrostatic field surrounding a heterodimer composed of oppositely charged particles. As
one would anticipate, the surrounding field is not spherically symmetric around either the
positively charged or the negatively charged GNPs. Moreover, in the lateral region between the
particles, the opposite local electrical potentials radiating from the particles cancel out. Therefore,
regions of strongest local electrostatic potential are located at the two opposing ends of the
dumbbell. Thus, an approaching charged particle would have the highest sticking probability at
the end corresponding to the opposite surface charge and it would be highly improbable to find
particles that would bind laterally to a heteroassembly. However, we cannot fully discount the
possible role of the surface PEG molecules in also guiding this linear particle arrangement. At low
PEG surface concentrations, such as 0.32 and 0.15 chains/nm? for the 7 nm and 13 nm GNP
respectively, assemblies became more globular while still preserving the alternating structure
between 7 nm and 13 nm particles. For the linear assemblies, it is possible that surface PEG

molecules could be enriched in the equatorial position around the particles and their steric

repulsion could prevent the lateral binding of other particles. Moreover, the possibilities that are



discussed above are not mutually exclusive and all may contribute to the formation of linear

heterostructures.
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Figure 4.9: COMSOL simulation of the electrostatic potential surrounding a heterodimer. In this
simulation, the boundary conditions of the particles were set to |S0| mV. The colors represent the

magnitude of the local electric potential and the contour lines represent equipotential levels.

Finally, experiments with particles at number ratios that deviate from 1:1 were also
performed. When an excess of one type of particles are used, i.e. systems with 10:1 or 1:10 mixing
ratios, there are several emerging scenarios. The first scenario is when the particles’ surfaces were
saturated with PEG; steric repulsion prevent any particles from clustering, and thus everything
remained as monomers. The second scenario is when the surface concentration of PEG is high in
both particles, but not saturated. In this case, clustering was still dominated by steric repulsion and
heterodimers were formed, while the excess of the particles with larger population would remain

as monomers. The third scenario is when the surface concentration of PEG is low enough to



accommodate multi-particle binding. A population of trimers and monomers were observed
because aggregation would be terminated at an early stage. TEM images of these systems are
provided in the supporting information. We note that controlling the aggregation of oppositely
charged colloids with an excess of one type particle has been previously studied and
demonstrated®®. Our present work focused on controlling aggregation by balancing electrostatic

and steric interactions.

4.4 CONCLUSION

In this work, we have demonstrated that it is possible to balance electrostatic attraction and
steric repulsion between two different types of oppositely charged GNPs by conjugating the
surfaces with controlled amounts of oppositely charged thiols and surface-bound PEG molecules.
This approach provides a facile, scalable and efficient method to produce controlled
heteroassemblies of nanoparticles in large numbers. When no PEG molecules are bound to the
particle surfaces and charged particles are mixed, large aggregates formed and sedimented. In the
opposite limit, when large amounts of PEG molecules were bound to the particle surface, stable
isolated individual particles were observed with no evident formation of heteroassemblies. In the
region between these two extremes, it was demonstrated that it is possible to selectively create
heterodimers and linear heteroassemblies of oppositely charged GNPs by tuning their steric
repulsion. The yield of heterodimer synthesis was 66%, but it is anticipated that the conditions can
likely be further optimized to provide an even larger yield by fine-tuning the PEG surface
concentration on both particles. In contrast to other methods, this process can be carried out at
room temperature, in aqueous media, with simple chemical functionalization. While gold was used

in this work, the approach is flexible and can be extended to a wide variety of nanomaterials to



enable advanced technologies. If iron oxide and palladium heterodoublets were synthesized, then
these agents could be used as recoverable catalysts.!> In contrast, if iron oxide and gold
heterodoublets were synthesized, such agents would be potentially useful as medical imaging
agents.'® Therefore, this work represents a major step forward in the development of bottom-up

methods for creating complex structures from nanoparticle sub-units.

4.5 SUPPORTING INFORMATION

Thermogravimetric Analysis (TGA) and Thiol Grafting Density Determination

TGA is a type of thermal analysis used to detect physical or chemical changes to a sample
with heat. The mass of the sample is continuously monitored as a function of temperature and time.
In this study, the mass of dried gold nanoparticles (GNP), grafted with thiols, is monitored as the
temperature is ramped at 1 °C/min, blanketed with nitrogen. When the thiol moieties decompose
at a certain temperature, the loss in mass can be used to back-calculate the amount of thiol that was
grafted onto the gold nanoparticles’ surface. The gold nanoparticles were grafted with
polyethylene glycol (PEG) and either 12-mercaptododecanoic acid (MDA) or (11-
Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MUTA). Since the decomposition
temperature of PEG and that of the charged thiols (MUTA or MDA) are different, the loss in mass
are not convoluted. The decay at 175 °C can be attributed to the decomposition of MUTA or MDA,
and the decay at 300 °C can be attributed to PEG. Triplicates were performed, and the error of
surface-bound PEG is less than 12 %. These uncertainties mostly arise from uncertainties in
polymer/ligand dosing, which depends on the available surface area. Assuming complete reduction
of gold ions, the concentration of the particle dispersion depends very strongly on the volume of

each particle. Because the volume of a particle is proportional to R?, small errors in particle size



measurement lead to significant errors in concentration calculation, and in turn, available surface

for thiol to bind.

a) b)
L PEG dosing o PEG dosing
Z 2
—— 1/nm — 1/nm
—_— 2/nm2 — 2/nm2
90 - — 3m’ 95 3/nm’
— 4/nm2 — 4/nm2
v 80 w90+
(2] 2]
© - ©
= =
70 -
60 80 —
I I ! I 1 I | I I 1
150 200 250 300 350 400 150 200 250 300 350 400
Temperature (°C) Temperature (°C)

Figure 4.10: TGA curves of a) 7 nm GNP decorated with varying amounts of PEG and saturated
with MUTA, b) 13 nm GNP decorated with varying amounts of PEG and saturated with MDA.

Zeta Potential Determination

After the particles were synthesized according to the procedure given in the main article,
the PEG surface functionalization step was skipped, and the particles were functionalized with
charged alkane thiols only; the 13 nm GNP was functionalized with negatively charged thiols
while the 7 nm GNP was functionalized with positively charged thiols. Each sample was then
dialyzed into a known 1 mM NaCl solution to remove excess charged thiols from the solution, and
diluted by a factor of ten. The pH was adjusted using HCI or NaOH to the desired value, before
measuring the zeta potential using Malvern Zetasizer Nano ZS in a folded capillary zeta cell.
Figure 4.11 shows the pH regions of stability for different thiols where particles do not show signs

of rapid aggregation. For a particular charged thiol, the zeta potential is constant throughout the



whole region except near the pKa of the functional group, where the functional groups start to
protonate/deprotonate and lose their charge. The pKa for carboxylic acids is about 4.5, and hence
the 13 nm GNPs are not stable below this pH. The pKa for amines is about 9.5, and hence the 7
nm GNPS functionalized with 8A10 are not stable above this pH. GNPs functionalized with
MUTA are stable even above pH of 12 because MUTA is a quaternary amine, and therefore there
is no hydrogen to deprotonate, allowing the most flexible range of design. MDA has a larger zeta
potential than MOA because MDA has a longer carbon chain, therefore minimizing the repulsive
electrostatic interaction between adjacent thiols, and allowing it to pack more densely onto the
nanoparticle surface. Although MSA has a short carbon chain, it carries two carboxylic groups per
molecule, and hence the larger zeta potential value as well. Regions of pH where both amine

functional groups and acid functional groups are charged are viable system conditions.
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Figure 4.11: Regions of stability for GNPs functionalized with different thiols and their zeta

potentials. Arrows indicate continued stability beyond the testing range.



TEM Images for Samples with Intermediate PEG Concentration

Figure 4.12 shows TEM images of samples with intermediate PEG concentration. Similar
to Figure 4.6, the assemblies are alternating linear structures, despite a different PEG loading

configuration.

Figure 4.12: TEM images of a sample with particles mixed at a ratio of 1:1 (cationic : anionic)
where the surface PEG concentration (10 kDa) corresponded to 0.66 and 0.15 chains/nm? on the

7 nm (cationic) and 13 nm (anionic) GNP, respectively.



TEM Images for Samples with no PEG functionalization

Rapid aggregation was observed for samples with no PEG functionalization; the sample
quickly changes color to purple and sediments within a few hours. By quickly diluting with water
after mixing of oppositely charged GNPs, this aggregation can be quenched, and subsequently
deposited onto a TEM grid to be imaged (Figure 4.13). Still, the onset of uncontrolled aggregation

is evident in these images.

200N 0 :
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where there were no PEG functionalization. The sample was quickly diluted after mixing to
quench the rapid aggregation. Still, evidence of the aggregation is indicated by the formation of

large aggregates.

TEM Images for Samples with High PEG Concentration

At high PEG concentration, clusters are mostly doublets with some triplets. While the main
article provides the tally of the cluster sizes, here we provide more TEM images from the sample

(Figure 4.14).



ie 4.14: TEM imas for a sample containing particles mixed at a ratio of 1:1 (cationic
anionic) that were loaded with 0.66 PEG/nm? and 0.43 PEG/nm? on the cationic 7 nm and

anionic 13 nm GNP respectively.




TEM Images for Samples with Tenfold Excess of Cationic or Anionic Particles

Several experiments were performed where one type of particle is mixed in tenfold excess.
At low concentration of PEG, an excess of the 7 nm GNPs results in the formations of flower like
clusters, where the 7nm GNPs surround the 13 nm particles (Figure 4.16). This geometry is not
observed if the 13 nm GNPs are in excess instead; doublets are formed (Figure 4.15). At a low
PEG concentration, the interactions are dominated by electrostatics, and the larger particles carry
a larger amount of charge. With an excess of 7nm GNPs, a 13 nm GNP will continue attracting 7
nm GNPs until the overall charge is neutralized. On the other hand, with an excess of 13 nm GNPs,
having one anionic 13 nm GNP bind to a cationic 7 nm GNP is enough to completely make the

cluster anionic.

Figure 4.15: TEM images for a sample containing particles with tenfold excess of 13 nm GNPs.
Samples were loaded with 0.32 PEG/nm? and 0.15 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.



Figure 4.16: TEM images for a sample containing particles with tenfold excess of 7 nm GNPs.

Samples were loaded with 0.32 PEG/nm? and 0.15 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.

At intermediate PEG concentration, multi particle binding is still observed. With an excess
of 13 nm GNPs, again only doublets were formed (Figure 4.17). On the other hand, an excess of
7 nm GNPs led to the formation of triplets and singlets of the 7 nm GNPs (Figure 4.18). Upon the
formation of a triplet, there is a lack of 13 nm GNPs to continue the chain, and the aggregation is
halted. This is remarkably different from the case when the ratio of the particles is 1:1, where long
linear heteroaggregates were formed.

At high PEG concentration, PEG dominates the particle interactions. Regardless of the number of
particles in solution, the heavy coating of PEG allows only the formation of doublets (Figure 4.19,

Figure 4.20)



Figure 4.17: TEM images for a sample containing particles with tenfold excess of 13 nm GNPs.
Samples were loaded with 0.32 PEG/nm? and 0.31 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.

Figure 4.18: TEM images for a sample containing particles with tenfold excess of 7 nm GNPs.

Samples were loaded with 0.32 PEG/nm? and 0.31 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.



Figure 4.19: TEM images for a sample containing particles with tenfold excess of 13 nm GNPs.
Samples were loaded with 0.66 PEG/nm? and 0.43 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.

Figure 4.20: TEM images for a sample containing particles with tenfold excess of 7 nm GNPs.

Samples were loaded with 0.66 PEG/nm? and 0.43 PEG/nm? on the cationic 7 nm and anionic 13

nm GNP respectively.



Gold Nanoparticle Synthesis: Complete Reduction of Gold lons

SAXS was performed on freshly synthesized 13 nm and 7nm GNPs in absolute scale. The
resulting scattering profiles were fit to the sphere model (Figure 4.21), and the volume fraction of
the dispersion can be obtained. Assuming complete reduction of gold ions and bulk density of
gold, the calculated volume fraction of gold is in very good agreement with the volume fraction

obtained from SAXS data fitting (Table 4.3).

O =—— 7 nm GNP
o —— 13nm GNP

0.1

| (AU)

0.01 o

Figure 4.21: SAXS profiles of freshly synthesized 13 nm and 7 nm GNPs in absolute scale, and

their corresponding model fits.

Table 4.3: Comparison of volume fraction obtained from calculation and from SAXS profile

fitting.

Calculated Volume Fraction SAXS Volume Fraction

7 nm GNP 5.10x 10° 526x 10°

13 nm GNP 1.02x 107 1.15x 107
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Chapter 5. PROPERTIES AND STRUCTURE OF
LUDOX/ALKYLSILANE XEROGEL WITH
CONTROLLED POROSITY

5.1 INTRODUCTION

This work resulted from a collaboration with Membrion, a startup company that spun out
of the Pozzo group during my time as a PhD student. This company aims to develop ceramic-based
ion exchange membranes for target applications in flow batteries, where the membrane needs to
be permeable for hydrogen ions, but not to ionic redox active species, while also being stable in a
highly acidic and oxidative environment. The current gold standard, a perfluorosulfonic acid
polymer membrane called Nafion, has good chemical stability and is proton conductive, but it is
also exceedingly expensive and has subpar ion selectivity. As an alternative, ceramics represent a
viable class of materials due to their high thermal and chemical stability, and highly tunable pore
sizes. Unfortunately, however, they are also brittle and handling these thin ceramic membranes for
transport and installation is very challenging. The goal of this project was to develop new
formulations that could improve the mechanical properties of these ceramics while preserving the
desired ion transport and stability.

Ceramics are often synthesized using the sol-gel process, a method to form solid ceramics
from molecular precursors, namely metal alkoxides. The sol-gel process has been extensively
studied, with special emphasis on silicates, and much of the material is collected in a seminal book
by Brinker and Scherer.! In a typical sol-gel process, alkoxysilane percursors, such as
tetracthylorthosilicate (TEOS), are mixed with water and alcohol as a cosolvent. The alkoxysilanes
are hydrolyzed and subsequently condensed to form siloxane bonds. Monomers become dimers,

then trimers, and eventually form larger particles. These particles aggregate and form a three-



dimensional gel network that, when dried, becomes a nanoporous material.? The properties of the
final product are dependent on the underlying structure, which is in turn dependent on reaction
conditions, including pH and water content, among many others.>*

The sol-gel process is flexible and organic entities can be included in the process to create
hybrid inorganic-organic materials, also known as ormocers (organically modified ceramics), or
in the case of silicates, ormosils. The organic components can be polymers or monomers, such as
organosilanes which are typically used in coating applications.® The organic components can also
co-polymerize with metal alkoxides or simply be dispersed within the matrix. There are a couple

of advantages in including organic components in ceramics. First, it opens the material to a wide

6-9 10-12

range of applications: optical materials, ferroelectric materials,”” °, and separation

13-16

membranes, among others. Secondly, introducing organics reduces the tendency to crack when

drying thin films and enhances mechanical properties of the material.>!”

Numerous systematic investigations have been performed to characterize the mechanical
properties of ormocers with polymers as the organic component.'®2! The general trend for these
materials are as expected: higher organic content results in more flexible materials, reducing
brittleness, at the cost of tensile strength, and larger amount of crosslinking between the phases
results in higher elastic modulus. In contrast, fewer systematic studies have been performed where
the organic components are monomers. Etienne et al. studied the mechanical properties of films
prepared from (3-glycidyloxypropyl)trimethoxysilane (GLYMO) and either TEOS or silica
nanoparticles. They found that increasing silica content in the range 0-30 % mass fraction increases
elastic modulus.?> Douce et al. studied the effect of particle size and surface conditions of

nanoparticles on the mechanical properties of ormosil films. Similarly, they found a positive

correlation between elastic modulus and volume fraction of particle fillers, up to 15 % volume



fraction, but there was no significant difference in elastic modulus between films made out of
different particle sizes. In both of these studies, the inorganic fraction is low, and they act as fillers
in a predominantly organic matrix.

Palmisano et al. synthesized thin films synthesized out of MTMS and
tetramethylorthosilicate (TMOS), varying the composition from 0 — 100 % MTMS.? They found
that elastic modulus is positively correlated proportional with the amount of TMOS throughout
the whole compositional range, confirming the results of the two previously cited works for
materials with high monomeric inorganic content. If nanoparticles are included in the material, the
results are slightly different. Malzbender studied the mechanical properties of films synthesized
out of TEOS and methyltrimethoxysilane (MTMS) with silica or alumina nanoparticle fillers. The
amount of fillers was varied from 0-69 % volume, while the ratio of TEOS to MTMS was kept
constant. At low filler content, the results were consistent, i.e. higher filler content results in higher
elastic modulus. At higher filler content, where the volume fraction of the alumina particles
exceeds approximately 45 %, there is a plateau in elastic modulus. It is unclear how elastic modulus
would vary at even higher nanoparticle content.

In this work, the mechanical properties and structures of ormosils with high inorganic
nanoparticle content were investigated. The materials were prepared using LUDOX particles and
alkylsilanes. Both the amount and the type of alkylsilanes was varied, namely ethyltriethoxysilane
(ETES), butyltriethoxysilane (BTES), hexyltriethoxysilane (HTES), and diethyldiethoxysilane
(DEDES). Nano-scale structures were probed using small angle x-ray scattering (SAXS) to explain

the observed mechanical properties.



5.2 EXPERIMENTAL

TEOS and LUDOX SM-30 were obtained from Sigma Aldrich (St Louis, MO). ETES,
BTES, HTES, and DEDES were obtained from Gelest (Morrisville, PA). Hydrochloric acid (HCI)
was obtained from Macron Fine Chemicals (Center Valley, PA). Type A/E glass fiber filter paper
with 330 um thickness was obtained from Pall Corporation (Port Washington, NY). All chemicals
were used as received.

The dependence of gel time on pH was investigated. Between 67-75 pL of concentrated
HCl was added to 3 mL of Ludox SM-30 to tune the pH between 4.9 and 2.1. Gelation is
determined visually, and the sol is considered to have gelled when the dispersions no longer flow
when the container is inverted.

A schematic of the sol synthesis process is shown in Figure 5.1a. In a typical synthesis, 3
mL of LUDOX dispersion is added into a 20 mL scintillation vial. While vigorously stirred, 69 uLL
or 75 uL of concentrated acid, 5 mL of ethanol, and 0-1 mL of alkylsilane are added in rapid
succession. After stirring for 5 minutes, the mixture is ready for sample preparation. It is critical
to add the acid into LUDOX first before adding ethanol. If ethanol is added first, the dispersion
will gel within seconds. It is also important to add ethanol and alkyltriethoxysilane quickly after
adding the acid to dilute the LUDOX particles and prevent premature gelation of the mixture.

SAXS samples are prepared by transferring the mixture into an aluminum trough with
Kapton tape as the base (Figure 5.1b). The trough is placed in a plastic petri dish, and the petri dish
is capped using its lid. The petri dish is left in ambient air for 24 hours and placed in an oven at 60
°C for 12 hours. Vacuum is pulled from the oven, and the sample is left in the oven for an additional

12 hours. SAXS experiments are performed on Anton Paar SAXSess benchtop instrument with a



Cu-K, line-collimated beam. The beam path is normal to the base of the trough. The scattering
contribution of Kapton background is also subtracted.

To prepare samples for mechanical measurements, filter paper is cut into 30 mm x 30 mm
square pieces. The gel precursor mixture is transferred to a petri dish, and the filter paper is soaked
in the mixture for 2 minutes. The filter paper is slowly drawn out of the mixture, minimizing excess
mixture on filter paper surface, and laid flat over a Teflon plate. Similar to the sample preparation
for SAXS, the Teflon plate is left in ambient air for 24 hours and placed in an oven at 60 °C for 12
hours. Vacuum is pulled from the oven, and the sample is left to dry for an additional 12 hours. A
15 mm x 15 mm square is cut out from the center of the 30 mm x 30 mm square using a laser
cutter. This inner square piece is the sample used for three-point flexural test. The support span is
10 mm, and the loading pin is lowered at 1 mm/min. The toe region at low strain is removed and

the strain is corrected such that extrapolation of the linear region crosses the origin.



LUDOX SM-30 + LUDOX/Alkylsilane LUDOX/Alkylsilane
HCl + ethanol Mixture Ormosil
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Figure 5.1: a) Schematic of the synthesis of LUDOX/alkylsilane ormosils. b) Schematic of sample

preparation for SAXS experiments.

5.3 RESULTS AND DISCUSSION

LUDOX SM-30 particles come from the manufacturer at pH 10, where the silica particles
have sufficient negative surface charge to be stable against aggregation and gelation. When mixing
the components, using 67-75 pL of concentrated HCI tunes the pH of the mixture over a range of
4.9-2.1, as measured by a pH meter. The pH dependence on gel time is shown in Figure 5.2. The

time to gel is largest for pH 2.1 and decreases exponentially as the pH increases towards 4.9,



similar to the gelation of sols synthesized from TEOS.?* A similar study was performed using
LUDOX SM-30 particles instead of TEOS. Even though the PZC of silica is close to 2, gelation is
slow at pH 2 because condensation reaction is minimized at this pH. The rate of condensation can
be thought of as the sticking probability of particles upon collision. The low sticking probability
allows the particles and fractals to slip past each other to form denser structures upon drying.® On
the other hand at pH 4, gelation is much faster, leading to more open structures. In this work, pH
2.1 was chosen to minimize the pore size since this project was motivated by proton selective
membrane applications. Unfortunately, a system containing both particles and monomeric silanes
are not as simple to describe. Interactions between monomers and particles involve competing
hydrolysis, condensation, polymerization, and adsorption of the monomer onto the particle
surface.”® Kinetics of hydrolysis and condensation are altered, and adsorption behavior are
complex.?®?’ Still, the mechanical properties of ormosils synthesized with these alkylsilanes can

be compared.
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Figure 5.2: Dependence of LUDOX SM-30 gel time on pH.



To investigate the effect of adding alkylsilane on the mechanical properties of the
composite, 250 pL, 500 pL, or 1 mL of ETES was added into the sol formulation (Figure 5.3).
Assuming complete hydrolysis and condensation of ETES into SiO; 5(C2Hs), the volume fraction
of the silane in the dried material is 0-38 %. The volume occupied by LUDOX particles was

calculated assuming a density of amorphous silica, 2.2 g/cm?

. The volume occupied by
Si01.5(C2Hs) was estimated in the following way. Each ETES molecule has three hydrolysable
ethoxy groups. Upon complete hydrolysis and condensation, 3 mol of ethanol are released and 1.5
mol of water are incorporated for every mol of Si. Thus, the volume occupied by 1 mol of
Si01.5(C2Hs) is the volume of 1 mol of ETES subtracted by the volume occupied by three mol of
ethanol plus the volume occupied by 1.5 mol of water. The stress-strain curves for all samples,
including those that use different types of alkylsilanes, are characteristic of brittle materials (Figure

5.3a). The stress-strain relationship is linear until the strain is close to the material’s fracture strain,

at which point the material slightly yields and fractures.
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Figure 5.3: Typical stress strain curve of LUDOX-ATES ormosils. b) Flexural Modulus, c)

fracture strain and, d) flexural strength as function of SiO.5(C2Hs) content. Error bars represent

standard deviations for synthesis triplicates.

The mechanical properties of ormosils synthesized using various alkylsilanes were also

investigated (Figure 5.4). ETES, BTES, and HTES were chosen to study the effect of the alkyl

chain length, and DEDES was chosen to study the effect of having two nonhydrolyzable alkyl



chain. For these samples, 500 uL of alkylsilane was added to the sol formulation. The mechanical

properties of xerogels made from LUDOX only was also included for comparison.
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Figure 5.4: a) Flexural modulus, b) fracture strain, and c) toughness for ormosils with different

alkylsilanes. Error bars represent standard deviations for synthesis triplicates.



SAXS experiments were performed to investigate the nanostructure of the ormosils. All
SAXS profiles are slit-smeared. Figure 5.5 compares the SAXS profile of LUDOX particles as a
1 wt % dispersion and a xerogel. The dispersion data was fit with the sphere model, while the
xerogel data was fit using the unified model implemented as part of Irena tool suite.’®* SAXS
profiles for ormosils synthesized with varying amounts of ETES, keeping the pH at 2.1, are
compared in Figure 5.6. SAXS profiles of ormosils with different types of alkylsilanes are
compared in Figure 5.7. Comparison of SAXS profiles was performed by matching the scattering
intensity at high-q, where the scattering is dominated by the surface of the LUDOX particles, and

not on the 3-dimensional arrangement.
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Figure 5.5: SAXS profile of LUDOX xerogel and diluted LUDOX dispersion, and their

corresponding model fits.
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Figure 5.5 highlights some important features in forming xerogels from LUDOX particles.
Scattering at the Porod region for both systems have a slope of -4, as expected for smooth silica
particles. However, there is a significant difference from the low-q region to the mid-q region. The
intensity for the xerogel is significantly depressed because of the close packing of LUDOX
particles. Scattering intensity is proportional to the difference in scattering length density (SLD)
between a particle and its surrounding, squared. For dilute systems, particles are surrounded by
the medium. As particles are packed closer together, particles are surrounded by other particles,
effectively reducing the SLD difference between a particle and its surrounding environment.

The increasing intensity towards low-q indicates that particles form fractal aggregates.
Such multi-scale system can be fit and analyzed using the unified model. The unified model fits
the Guinier part and the power law tail, level by level starting from the smallest scale. The Guinier
region is located at the first knee for a particular level, and it reflects a generic size of the particle,
regardless of its shape. The Porod region is located high-q and reflects the surface properties of
the particles. For particles with smooth surfaces, the slope in the Porod region is -4. For rough
surfaces, the slope is between -3 and -4. For mass fractals, the slope is between -1 and -3. In our
system, the Guinier region and the power law tail is first fit for the LUDOX particles, and then for
the fractals. Unfortunately, the limited resolution of the SAXS instrument (i.e. low-q limit),
prevents full characterization of the fractals. Nevertheless, the model can include a correlation term
or structure factor to account for the densely packed spheres. Fitting the model to the data, the
radius of the particles was found to be 4.4 nm with a volume fraction of 0.57 in the solid ceramic
material. The particle radius extracted from the unified model in the xerogel is in good agreement

with that in dispersion (4.3 nm), even though the dispersion data was modeled using a different



model, the spherical form factor. The volume fraction of 0.57 is consistent with random loose

packing of uniform spheres,*® as expected by particles with low sticking probability.

The effect of increasing ETES

The flexural modulus increases with increases amount of ETES used, while the fracture
strain remains constant, which leads to higher toughness for larger amounts of ETES (Figure 5.3).
The invariant fracture strain suggests that, for these samples, cracking is determined primarily by
the gel network formed by the LUDOX particles. Palmisano et al. found the opposite trend in a
TMOS and MTMS system, i.e. elastic modulus decreases with increasing organic content
throughout the composition range.* However, the system presented in this work is not comparable
to that in the work of Palmisano. In their system, the source of both organic and inorganic
components are molecular precursors, and they are mixed at the molecular level. When using
monomers as the organic content in a system where the inorganic content are also monomers, it is
useful to think about this as substituting a TMOS molecule with a MTMS molecule. With each
substitution, that molecule may have less binding with its neighbors, since MTMS only have 3
condensable groups, as opposed to 4 in TMOS. This leads to a less connected network and a lower
modulus. The system presented in this work is different. Rather than having a co-condensation of
organic and inorganic components, the inorganic components are silica particles that are large
relative to the monomeric precursors. In a sense, the inorganic and organic components are phase
separated into particles and the network formed by the monomers.

Our system is more similar to that in the work of Malzbender’s,!” where LUDOX particles
are added into TEOS and MTMS mixture. That group found that the elastic modulus increases

with increasing amounts of LUDOX particles, which is the opposite of our findings. However, the



range of composition investigated by them is not the same as in our work. Malzbender investigated
systems with a low fraction of particles, akin to dispersing inorganic particles in an organic matrix
to strengthen it (Figure 5.8a). The strength of the composite is enhanced by the presence of the
inorganic fillers according to the rule of mixtures for elastic modulus.®! On the other hand, the
system in this work is where the material is mostly composed of inorganic particles with small
amounts of alkylsilane added as fillers to fill the gaps in between the particles (Figure 5.8c). In this
case, the strength of the material is enhanced as alkylsilanes increase network connectivity
between LUDOX particles and provide extra support in what would otherwise be empty space
(Figure 5.8d), effectively increasing density and reducing porosity.

This conclusion is supported by the SAXS profiles of ormosils with increasing fraction of
ethylsilanes (Figure 5.6). Ethylsilanes fill the gaps in between the LUDOX particles, which
effectively reduces the SLD difference between the particles and their surroundings, which
decreases the SAXS intensity at mid-q (q = 0.04 A™!). At 38 volume % of ethylsilane, there is an
increase in intensity at mid-q. It has been shown that xerogels synthesized out of TEOS and MTMS
have porosity over 60 %.°** Since the calculated volumes taken by the ethylsilane network
assumes dense packing, the calculated 38 volume % is a lower bound. Meanwhile, xerogel made
with only LUDOX particles has a volume fraction of 0.57 (Figure 5.5). Thus, a likely explanation
is that the amount of ethylsilane required to fill the gaps in between the LUDOX particles are
exceeded, and excess ethysilane in the system dilutes the LUDOX particles, pushing them apart

and effectively increasing the SLD difference (Figure 5.8b).
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Figure 5.8: Structures of ormosils formed with different ratio of particles to monomers.

Effect of alkyl group

For ormosils synthesized using triethoxysilanes, increasing the alkyl chain length decreases
flexural modulus, with no significant difference in fracture strain. Similar to ormosils synthesized
with varying amounts of ETES, increasing flexural modulus is correlated with decreasing intensity
of the SAXS profile at mid-q, indicating a tighter packing of LUDOX particles (Figure 5.7). The
tighter packing of LUDOX particles can be reasoned the following way. Although the same
volume of alkyltriethoxysilane was added into the sol mixture during the synthesis process, the
calculated volume after complete hydrolysis and condensation is not the same (Table 5.1). All
alkyltriethoxysilanes have comparable density, but there are large differences in molar mass. For
a fixed volume of alkyltriethoxysilane, there are more molecules for compounds with a lower
molar mass. Having more molecules means that there is more ethanol released during the

hydrolysis reaction, and therefore less volume of remaining hydrolyzed silanes.



Table 5.1: Calculated volume fraction of alkylsilanes in synthesized ormosil assuming complete

hydrolysis and condensation, when 500 pL of alkyltriethoxysilane is used in the sol formulation.

Alkyltriethoxysilane | Alkyltriethoxysilane | Alkylsilane Alkylsilane Volume

Density (g/cm?) molar mass (g/mol) | Amount (mol) | Fraction in Xerogel
ETES 0.896 192.33 0.00233 0.24
BTES 0.888 220.38 0.00202 0.29
HTES 0.860 248.44 0.00173 0.33
DEDES 0.862 176.33 0.00245 0.34

A similar argument can be made for DEDES. Although it has the largest molar amount per
500 pL of alkyltriethoxysilane, there are only two ethoxy groups to be hydrolyzed, and therefore
less volume is subtracted by the leaving ethanol molecules. Of course, the calculated volume
fraction of alkylsilane is a lower bound that does not take into account the packing efficiency of
the alkylsilanes in forming the network. One would expect bifunctional silanes such as DEDES to
pack less efficiently than trifunctional silanes because of extra unreactive ethyl group, and the
scenario in Figure 5.8b is approached, where the LUDOX particles are less densely packed. The
looser packing of LUDOX particles clearly be seen its SAXS profile (Figure 5.7), where the
intensity at mid-q increases significantly. Furthermore, one would also expect the degree of
crosslinking to be less for DEDES than for trifunctional silanes because it only has two
condensable groups and it may form linear polymers. Both reasons combined may explain the
lower strength of xerogels synthesized with DEDES, but also the higher elasticity.

Interestingly only xerogels synthesized with ETES had enhanced modulus over xerogels

synthesized with only LUDOX particles. BTES and HTES had a negligible and negative effect,



respectively. The most likely reason is that butyl- and hexyl- silanes are unable to form a network
because of the bulky alkyl group. Loy et al. studied the gelation of various trialkoxysilanes, and
they found that while ethylsilanes can form gels, butyl- and hexyl- silanes do not.>* Instead they
form an oil or resinous phase, which are presumably Polyhedral Oligomeric Silsesquioxane
(POSS) particles. Silanes may also bind to the surface of LUDOX particles and create a thin hairy
layer. In the case of hexylsilanes, the length of the alkyl chain may provide sufficient steric
hindrance against condensation, viz. preventing adhesion between LUDOX particles, leading to
the decrease in modulus.

Yet a more meaningful metric is toughness. Toughness is the area under the stress-strain
curve and is a measure of how much energy the material can absorb before cracking. Although
ormosils synthesized with DEDES results in the lowest flexural modulus, the brittleness of the
material is greatly reduced, as shown by the significant increase in fracture strain (Figure 5.4b).
The overall effect is that ormosils synthesized with DEDES have the highest toughness, and it can
be reasoned in the following way. First, as previously discussed, out of all the alkylsilanes used,
DEDES occupies the most volume when dried, pushing the LUDOX particles apart from each
other. This gives room for the LUDOX particles to flex and move under strain without disrupting
the gel network. Second, each DEDES molecule can either condense with another DEDES
molecule or a surface of a LUDOX particle. With only two hydrolysable groups, and DEDES
cannot form a cross-linked network. In this case, DEDES molecules polymerize to form
polydiethylsiloxanes (PDES), an analog to the more commonly known rubbery material,
polydimethylsiloxane (PDMS). These PDES chains act as binders to keep the LUDOX particles

from collapsing and also as molecular springs between LUDOX particles.



54 CONCLUSION

Hybrid organic/inorganic xerogels were synthesized using LUDOX particles and various
alkylsilanes. All xerogels were synthesized with low organic content. Two sets of experiments
were performed. In the first set of experiments, ormosils were synthesized using various amounts
of ETES. Increasing amounts of ETES in the recipe leads to larger flexural modulus and no effect
on fracture strain, and thus leads to larger toughness as well. These ethylsilanes form a network
that fill the gap in between LUDOX particles, and therefore reinforce the structure that would
otherwise be empty space. The fact that these ethylsilanes do not affect the fracture strain suggests
that fracture is primarily determined by a break in the LUDOX gel network. The second set of
experiments investigated the effect of different kinds of alkylsilanes. No mechanical enhancement
was observed when BTES or HTES was used instead of ETES. Unlike ethylsilanes, butylsilanes
and hexylsilanes cannot form an interconnected network, and instead prevents adhesions between
LUDOX particles. Using DEDES results in ormosils with a lower modulus and much higher
fracture strain than any other ormosils, including those synthesized without any alkylsilane
additives, resulting in significant increase in toughness. DEDES condense together to form PDES
that act as molecular springs between LUDOX particles. Thus at low organic content, rather than
small alkylsilane molecules, polymers or alkylsilanes that can form polymers are better candidates

towards crack resistant ceramics.
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Chapter 6. SUMMARY AND OUTLOOK

6.1 SONOCHEMICAL SYNTHESIS OF NANOMATERIALS

The traditional methods of synthesizing nanoparticles from molecular precursors, the hot-
injection and heat-up method, have numerous problems that results in poor scalability and
reproducibility.! A relatively new method to synthesize nanomaterials is through sonochemistry,
viz. using ultrasound. Application of ultrasound to liquid leads to violent cavitation causing
extreme local temperatures and pressures. These extreme conditions can be used to decompose
metalloorganic precursors to produce nanoparticles.?

Although nanoparticles with various size, shape, and compositions have been successfully
synthesized using ultrasound, the focus has been mostly placed on the final product itself, and the
process is often not sufficiently understood and, thus, poorly controlled.® In chapter 3, a novel
sonochemical synthesis method is presented, where sonication is performed in an emulsion system
rather than in a single-phase bulk system. Sonication in a single-phase system was also performed
for comparison. The reactions used cadmium oleate and trioctylphosphine selenium precursors to
synthesize CdSe quantum dots (QD), and the reaction progress is tracked as a function of
sonication time under controlled temperature conditions to isolate the effect of cavitation from that
of bulk temperature changes. Conversion from precursors to QD is slow in a single-phase bulk
liquid system (octadecene), but it is greatly accelerated in the dispersed system (octadecene in
ethylene glycol emulsion). The presence of a liquid-liquid interface allows the preferred
heterogenous nucleation of bubbles,* resulting in more frequent cavitations to drive the conversion
from precursors to QDs. The capacity of CdSe production using ultrasound in the emulsion system
and the single-phase system are 3.8 g/L hr and 0.54 g/L hr, respectively. In the emulsion system,

the rate of CdSe production is comparable to the typical hot-injection synthesis of CdSe QDs and



can likely be further optimized. The difference in the rate of QD production leads to different
products between the two systems. Sonication in the emulsion system leads to CdSe magic-size
clusters (MSC), QDs with an exact number of atoms; in this case, (CdSe)s; and (CdSe)s4 are
synthesized. These MSCs form large aggregates with low fractal dimension, resembling a fiber,
which protect the MSCs from growth and dissolution.’ In the single-phase system, initially MSCs
are also formed. However, because the production rate of MSCs is low, the concentration is low
such that they do not form aggregates. With no protection, these MSCs quickly dissolve or grow
into ultrasmall QDs. Finally, precise temporal control of QD production is demonstrated by turning
the ultrasound on and off; QDs are produced when there is ultrasound, and not produced when
there is not.

While this work successfully demonstrated the sonochemical synthesis of CdSe in the
emulsion system, many things are yet to be investigated. From a fundamental perspective, there
are still missing puzzle pieces. For example, the literature addresses the mechanism of CdSe
synthesis using the hot-injection or heat-up method extensively.!*~ It was assumed that similar
reaction mechanisms occur for synthesis using ultrasound. For example, in the hot-injection
method, the use of tertiary phosphine-chalcogenide involves the decomposition of the precursors
to form reactive HoSe intermediates.® Given the extreme temperatures and pressures of cavitation
of 5000 K and 1000 bar,>* respectively, it seems reasonable to assume that a cavitation event is
sufficient to decompose the precursors, and the same reaction route is taken; however, we have
not proven this.

A study to further optimize the system is also warranted. It was shown that sonochemical
synthesis in the emulsion system is much faster than that in the single-phase bulk system, and at a

CdSe production rate of 3.8 g/L hr excluding ligands, it is comparable to a typical hot-injection



synthesis. The volumetric yield of QDs can be optimized by performing experiments in which the
volume ratio between the octadecene and ethylene glycol is varied. At one extreme, where the
volume is entirely composed of the oil phase, it was shown that the synthesis of QD is slow. Of
course, at the other extreme where the volume is entirely ethylene glycol, no QD would be
produced at all. Hence, somewhere in between, there is likely an optimum ratio between
octadecene and ethylene glycol such that the amount of precursor and interface combined is
optimized.

Recently, Flamee et al. was able to produce up to 50 g/L hr of CdSe using the hot-injection
method,'? assuming total synthesis time of 1 hour including the initial heating and final cooling of
the reaction mixture. They were able to do this by using a much more concentrated precursor
mixture, with Cd precursor solution of up 1 M, as opposed to 0.063 M in the work performed in
chapter 3. The caveat is that their experiments were performed in 10 mL batches, and scaling the
reaction to larger volumes would entail all the problems associated with scaling of the hot-injection
method. It would thus be interesting to use such highly concentrated precursor mixtures with
ultrasound in an emulsion system. However, using the most concentrated precursor solution may
not necessarily lead to fastest production rate. Increasing precursor concentration to 1 M canresults
in a 5-fold increase in viscosity,'! and higher viscosity discourages cavitation®!2,

Another missing piece is with regards to the QDs themselves. Are QDs produced
sonochemically in an emulsion system equivalent to those produced by the hot-injection method?
Fast and intense, non-equlibrium methods such as laser ablation are known to result in defects. !4
Thus, it seems reasonable to think that cavitation would do similar things. Crystal structure
characterization of small QDs, especially MSCs, are challenging because their x-ray diffraction

(XRD) spectra exhibit broad peaks that may overlap with each other. It wasn’t until recently that



some light was shed on these structures, which required a combination of characterization
methods.!>!% But then again, a defect is considered a defect when it is an irregularity in an
otherwise continuous lattice. What is a defect when the entire structure is essentially a defect
“composed of entirely of a discontinuous arrangement of atoms that are all in constant chemical
contact with the capping material, solvent, and contaminants”?"”

Finally, CdSe was used as a model system to study sonochemical synthesis in an emulsion
system. One of the next steps would be to synthesize other types of QDs as well. In particular
indium phosphide (InP) has gained much interest because they can be applied in similar ways, but
is much less toxic than CdSe. Also, while CdSe is a II-VI semiconductor, InP is a III-V
semiconductor. Therefore, synthesizing InP would serve well to demonstrate the versatility of this

new method.

6.2 SELF-ASSEMBLY OF NANOPARTICLES

Once the nanoparticles are synthesized, chapter 4 discusses how they can be assembled
together to elicit new properties and/or create functional materials. Specifically, bottom-up
approaches to the synthesis of nanostructures are of particular interest because they offer several
advantages over the traditional top-down approaches. A new method was described to self-
assemble nanoparticles into controlled heteroaggregates. The technique relies on carefully
balancing attractive electrostatic forces with repulsive steric hindrance that is provided by surface-
grafted polyethylene glycol (PEG). Two different-sized gold nanoparticles (GNP) were used as a
model system; 13 nm GNPs were functionalized with PEG-thiol and a positively charged thiol,
while 7 nm GNPs were functionalized with PEG-thiol and a negatively charged thiol. When mixed

together, these oppositely charged particles self-assemble into stable colloidal structures (i.e.



nanoclusters) whose structure depends strongly on the surface concentration of PEG. Smaller
structures are obtained as the PEG surface concentration increases because steric hindrance
dominates and prevents uncontrolled aggregation. In particular, under the right conditions, it was
possible to selectively synthesize heterodimers (which are effectively Janus particles) and linear
heteroassemblies. Thus far, methods to synthesize heteroassemblies are energy intensive, sensitive
to the heating procedure, and are mostly material combination specific.'®?° On the other hand, the
method presented in chapter 4 is simple, and it is a generalized method to synthesize
heteroassemblies out of any material.

Gold nanoparticles were selected as the model systems because their properties are well
characterized and this facilitated the core objective of the project: to develop a scalable method to
assemble two different types of particles into controlled heteroaggregates. The natural extension
of this work would be to use other types of particles to create functional materials. It is important
that the head groups of the ligands may need to be different depending on the material. Love et al.
compiled a list of substrates and their compatible head groups to create self-assembled
monolayers.?! For example, if a substrate is iron oxide, then a molecule with an alcohol group
would serve well to bind to the surface of iron oxide.

One interesting application would be to attach a catalytically active material like palladium
to a magnetic material like iron oxide to create magnetically recyclable catalysts. Jang et al. have
exactly done this; they synthesized Pd-Fe;O4 heterodimers to catalyze for Suzuki cross-coupling
reactions.?? They showed that the palladium is catalytically active even though they are covered
with oleylamine and oleic acid ligands. A lingering question, however, is if the surface of the
palladium would still be as catalytically active when it covered with a thick layer of polymer such

as PEG. Dynamic light scattering (DLS) showed that 10 kDa polyethylene glycol results in an



adlayer of about 10 nm. Perhaps it would be necessary to use lower molecular weight polymers.
If the surface is still not catalytically active, then perhaps ligand removal and/or exchange may be

necessary, and there are simple ways to do that.?

6.3 IMPROVING THE MECHANICAL PROPERTIES OF CERAMICS

The work in chapter 5 was performed in collaboration with Membrion, a startup with a
mission to create ceramic based ion exchange membranes for any application in harsh
environments. While ceramics offer good chemical and thermal stability, their brittle nature makes
transportation and handling challenging. Literature has shown that adding organic additives to
ceramics can improve their mechanical properties.’** Towards that goal, a study was performed
on the mechanical properties of ormosils synthesized out of LUDOX particles and various
alkylsilanes.

Specifically, ormosils were synthesized with low alkylsilane loading. In this system, the
material is still mostly composed of LUDOX particles, and alkylsilanes act as fillers in between
LUDOX particles. Fracture behavior is still determined by a break in the LUDOX gel network.
When triethoxysilanes with short alkyl chain, ethyltriethoxysilane (ETES), was used as the
additive, these silanes form a network in between the LUDOX particles, enhancing the flexural
modulus without sacrificing fracture strain, viz. flexibility. Up to a volume fraction of 38 %, the
ormosils had higher flexural modulus and toughness with increasing ETES content. Such
enhancement was not observed when triethoxysilanes of longer alkyl chain, butyltriethoxysilane
(BTES) and hexyltriethoxysilane (HTES), because steric hindrance from the longer alkyl chains
prevent efficient packing of these molecules. Using diethyldiethoxysilane (DEDES), a lowering

of modulus, but a significant increase in fracture strain was observed, resulting in the highest



toughness out of all the alkylsilane additives. This is because DEDES cannot crosslink, and instead
they polymerize to form polydiethylsiloxane (PDES), which acts as springs between the LUDOX
particles. Thus to prevent cracks, polymers or alkylsilanes that can form polymers are better
candidates.

It should be noted that the original purpose of these ceramics is to be used as ion exchange
membranes in flow batteries. While the work presented in chapter 5 uses organosilane additives,
the organic components are simply alkyl groups and are not functional. In fact, Alkyl groups are
hydrophobic and prevent efficient transport of ions through the pores. Preliminary iron chloride
permeability, which is one of the redox species candidates, for ormosils synthesized with
alkylsilanes was very low. Unfortunately, the hydrophobic nature of the additives also almost
entirely blocked the passage of protons, which rendered the membranes useless for the intended
application. Future work should focus on using organosilanes with strongly acidic functional
groups, such as sulfonic acid, and/or with hydrophilic substituents, such as polyethers, so that the
organic component would not only improve the mechanical properties of the ceramics, but also

improve the membrane’s ionic conduction performance.
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