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ABSTRACT

Polymer-gold composite particles are of tremendous research interests. Contributed
by their unique structures, these particles demonstrate superior properties for optical,
catalytic and electrical applications. Moreover, the incorporation of “smart” polymers
into polymer-gold composite particles enables the composite particles synergistically
respond to environment-stimuli like temperature, pH and light with promising
applications in multiple areas.

A novel Pickering emulsion polymerization route is found for synthesis of core-shell
structured polymer-gold composite particles. It is found that the surface coverage of gold
nanoparticles (AuNP) on a polystyrene core is influenced by gold nanoparticle
concentration and hydrophobicity. More importantly, the absorption wavelength of
polystyrene-gold composite particles is tunable by adjusting AuNP interparticle distance.
Further, core-shell structured polystyrene-gold composite particles demonstrate excellent
catalyst recyclability.

Asymmetric polystyrene-gold composite particles are successfully synthesized via
seeded emulsion polymerization, where AuNPs serve as seeds, allowing the growth of
styrene monomers/oligomers on them. These particles also demonstrate excellent catalyst
recyclability. Further, monomers of “smart” polymers, poly (N-isopropylacrylamide)
(PNIPAm), are successfully copolymerized into asymmetric composite particles,
enabling these particles’ thermo-responsiveness with significant size variation around
lower critical solution temperature (LCST) of 31<C. The significant size variation gives
rise to switchable scattering intensity property, demonstrating potential applications in

intensity-based optical sensing.



Multipetal and dumbbell structured gold-polystyrene composite particles are also
successfully synthesized via seeded emulsion polymerization. It is intriguing to observe
that by controlling reaction time and AuNP size, tetrapetal-structured, tripetal-structured
and dumbbell-structured gold-polystyrene are obtained. Further, “smart” PNIPAm
polymers are successfully copolymerized into dumbbell-shaped particles, showing
significant size variation around LCST. Self-modulated catalytic activity around LCST is
achieved for these particles. It is hypothesized that above LCST, the significant shrinkage
of particles limits diffusion of reaction molecules to the surface of AuNPs, giving a
reduced catalytic activity.

Finally, carbon black (CB) particles are successfully employed for synthesis of core-
shell PNIPAm/polystyrene-CB particles. The thermo-responsive absorption
characteristics of PNIPAm/polystyrene-CB particles enable them potentially suitable to
serve as “smart” nanofluids with self-controlled temperature. Compared to AuNPs, CB
particles provide desirable performance here, because they show no plasmon resonance in
visible wavelength range, whereas AuNPs’ absorption in the visible wavelength range is

undesirable.
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Chapter 1
INTRODUCTION

In recent years, gold nanoparticles (AuNPs) have drawn significant research interest
due to their desired optical, catalytic, and electric properties. These properties have wide
applications in catalysis,’™ sensing,®” and surface enhanced Raman scattering (SERS).%*
As compared to single component AuNPs, gold composite particles with unique
structures are able to surpass the limitations of single component alone. For example, for
core-shell composite particles with a dielectric core and AuNPs shell, the particles exhibit
unique surface plasmon resonance (SPR) properties corresponding to the dimension ratio
of the core and the shell.’®*2 This tunable SPR wavelength feature is attractive for
applications in solar energy harvesting, conducting polymer devices, drug delivery, and
biosensors.***® For gold composite particles with structures such as asymmetric structure
(a single gold nanoparticle is attached on each polystyrene substrate particle), dumbbell
structure and multi-petal structure, etc., they are capable of meeting the rising demand of
fabricating advanced ordered and hierarchical building blocks, such as photonic band-gap

materials, nanopatterns by colloidal lithography, with the potential applications in self-

19-20 22-23

assembly, opto-electronics,? catalyst supports, etc. For instance, if the
asymmetric particles are synthesized with anisotropic distribution of electric charges, the
particles can self-assemble into an electric-field-oriented pattern under a given electric
field. For multi-petal structured particles, their unique structures enable them to serve as
building blocks for advanced supra-colloidal materials; in addition, they might serve for
building super-hydrophobic and super-hydrophilic surfaces.?** Particles with three-

dimensional structure could also serve as potential building blocks for diamond lattice

1



(fcc dielectric structure), which has three-dimensional photonic bandgap, as predicted 20
years ago.?

Pickering emulsions are emulsions stabilized by solid particles. Here we employ a
one-step Pickering emulsion polymerization to synthesize core-shell structured
polymer—gold composite particles. The one-Step Pickering emulsion polymerization route
has the following advantages: sophisticated instrumentation is not required,
commercialized stabilizing particles can be directly used without further treatment, and
the synthesis is completed in one step. In addition, seeded emulsion polymerization is
utilized to synthesize gold-polymer composite particles with structures such as the
asymmetric (a single gold nanoparticle is attached on each polystyrene substrate particle),
dumbbell, and multi-petal structure. AuNPs are able to serve as seeds to interact with
aromatic rings provided by styrene, allowing further growth of styrene and other co-
monomers.

The synergistic combination of “smart” polymers and inorganic nanomaterials has

attracted increasing interest in recent years. In response to temperature?’=2 or pH¥*  the

127-30 31-32

stimuli-responsive polymers are able to adjust nanomaterial’s optica , Catalytic
and transport properties**. In particular, poly (N-isopropylacrylamide) (PNIPAm) is a
water-based gel and compatible with many biological systems. Its unique thermo-
responsiveness enables the gel to undergo a sharp volume phase transition at lower
critical solution temperature (LCST).* We find that a significant thermo-responsiveness
of scattering intensity is achieved for asymmetric polystyrene/PNIPAmM-gold composite
particles, based on the large temperature-dependent shrinking/swelling of the

polystyrene/PNIPAmM core. This leads to great potentials in sensing applications,
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especially for intensity-based optical sensors. For example, particles with switchable
scattering intensity could be utilized in thermal sensors, in which the thermo-responsive
scattering intensity serves as signals. In addition, the “smart” PNIPAm polymers are
successfully incorporated into dumbbell-shaped gold-polymer composite particles; a self-
modulated catalytic activity is demonstrated.

Other than the AuNPs systems, carbon black (CB) particles are incorporated for
Pickering emulsion polymerization to synthesize core-shell PNIPAm/polystyrene-CB
composite particles. Compared to AuNPs system, carbon black particles do not show
absorption characteristics at visible wavelength range, potentially useful for applications
where the AuNPs’ absorption at visible wavelength range is undesirable. For instance,
CB particles have potential to be served as “smart” nanofluids with self-controlled
temperature to potentially address stagnation problems occurred in heat transfer fluid
systems.

In summary, this thesis includes employing a Pickering emulsion polymerization
method and a seeded emulsion polymerization method to synthesize polystyrene-gold
composite particles with four structures (core-shell, asymmetric, multipetal and dumbbell
structures, respectively), as well as thermal responsive PNIPAm/polystyrene-gold
composite particles. The catalytic and optical properties are explored. In addition, CB
particles are employed for synthesis of thermos-responsive core-shell
PNIPAm/polystyrene-CB composite particles via Pickering emulsion polymerization.
The report is structured as follows. Chapter 2 provides the background and motivations
on the topics discussed in this thesis. The background is focused on topics of Pickering
emulsion polymerization, seeded emulsion polymerization, effect of solid stabilizers on
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Pickering emulsions, AuNPs’ optical and catalytic properties. The motivation is focused
on tunable optical properties and self-modulated catalytic properties of “smart” polymer-
gold composite particles. Chapter 3 describes the materials and methodology used in this
thesis. In Chapter 4, the results and discussion are laid out in the following order: Section
4.1 illustrates the utilization of one-step Pickering emulsion polymerization to synthesize
core-shell structured polystyrene-gold composite particles; it is intriguing to find that
asymmetric structured particles are formed simultaneously, due to a seeded growth
formation mechanism. The catalytic study shows both the core-shell and asymmetric
particles have good recyclability. In Section 4.2, it is shown that thermal-responsive
PNIPAmM polymers are successfully copolymerized into core-shell structured and
asymmetric structured composite particles via seeded emulsion polymerization, without
the aid of cross-linker. The asymmetric particles show a significant thermal-
responsiveness, leading to switchable scattering intensity of the particles. Section 4.3
discusses the successful synthesis of multipetal-shaped and dumbbell-shaped gold-
polystyrene particles. It will be demonstrated that by increasing the diameter of AUNPS
from 20 nm to 80 nm and 125 nm, multipetal-structured and dumbbell-structured AuNP-
polystyrene composite particles are synthesized via seeded emulsion polymerization. By
controlling the reaction time and size of the AuNPs, the structure of the composite
particles could be controlled. Furthermore, thermal-responsive PNIPAm polymers are
proven to be successfully copolymerized into dumbbell-shaped composite particles,
enabling these particles a self-modulated catalytic activity. Section 4.4 shows the
utilization of CB particles as stabilizers for the synthesis of PNIPAm/polystyrene-CB
composite particles via Pickering emulsion polymerization. These particles show
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potential applications to be served as “smart” nanofluids with self-controlled temperature
to solve stagnation problems occurred in heat transfer fluid systems. Chapter 5 provides
the summary and future work. The first proposed work is synthesis of “smart” core-shell
PNIPAm/polystyrene-gold composite particles with tunable absorption properties
triggered by temperature variation. Applying a chemical reduction route, the Au shells
are expected to be continuous. These particles have potential applications of dual use
solar thermal collector/night-sky radiator. Another interesting application of these
particles is a thermo-optical switch, which could serve as a nanofluid filter switching
between opaque and transparent status. The second proposed work is application of
asymmetric PNIPAm/polystyrene-gold composite particles to serve as nanofluids with
controllable natural convection heat transfer. These “smart” nanofluids are suitable for
applications in which increased heat transfer is needed in the daytime (above LCST of
31°C) for the purpose of releasing energy, while decreased heat transfer is needed in the

nighttime (below LCST of 31°C) for the purpose of energy storage.



Chapter 2

BACKGROUND AND MOTIVATION

2.1 Pickering Emulsion Polymerization

Pickering emulsions are emulsions stabilized by solid particles, in contrast to
conventional emulsions in which surfactants serve as stabilizer. The discovery and early
studies of solid particles as a new type of emulsion stabilizer are achieved by Ramsden®’
in 1903 and Pickering™® in 1907. Pickering emulsions have been widely used in various
fields, including petroleum, cosmetic, pharmaceutical applications etc.>**! For instance,
in oil recovery applications, solid particles are able to spontaneously self-assemble at the
oil-water interface. The stabilization of oil droplets is necessary and beneficial for
extraction and separation of oil from water.*® In cosmetic industry, metal particles such as
titanium dioxide (TiO,) nanoparticles are shown to have the potential as stabilizers for
skin-care and sunscreen emulsions, providing an alternative for traditional emulsion
product stabilized by surfactants.*’

Pickering emulsion polymerization provides a direct way of combining soft materials
(e.g. polymers) with solid particles to synthesize composite particles with core-shell
structure, where monomer droplets undergo polymerization to form the core, and solid
particles form the shell layer. Conventionally, the reported synthesis methods of core-
shell structured composite particles are mainly based on chemical binding or electrostatic
attraction interaction and often require multiple procedures and sophisticated instruments.
For example, AUNP-polymer core-shell composite particles involve preforming AuNPs

10-11, 42

and driving them to coat the substrate particles or directly forming the AuNPs at

the substrate particles’ surface.**® During these processes, modifying the substrate
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particle or AuNP’s surface is required. Recently, we have developed the one-step
Pickering emulsion polymerization route to synthesize polymer-silica core-shell
nanocomposite particles*®*” (Figures 2.1 and 2.2), This method bears the advantage that
sophisticated instrumentation is not required. In addition, commercialized stabilizing
particles can be directly used without further treatment, and the synthesis is completed in

one step.

2.1.1 Mechanisms of Pickering Emulsion Polymerization

For conventional surfactant-stabilized emulsion polymerization, the reaction
mechanism has been actively discussed over half a century. Some consensus has been
reached that three nucleation mechanisms exist: micellar nucleation,*®*® homogeneous

48.50-53 and droplet nucleation.*® During the micellar nucleation,

coagulative nucleation,
micelles capture free radicals, subsequently undergo continuous swelling, followed by
polymerization of monomers inside the swelling emulsions. The reaction terminates as
the monomers are consumed up. Throughout the homogenous nucleation, oligomers are
formed via radical polymerization of monomer dispersed in water phase. Then, the nuclei
and primary particles are formed by oligomer coagulation. These surfactant-stabilized
primary particles grow by monomer swelling or oligomer deposition. For the droplet
nucleation, the monomer droplets accept oligomer radical entry, followed by
solidification to form particles.

Previously, our group utilizes silica nanoparticles to synthesize polystyrene-silica
core-shell composite particles and investigate the reaction mechanism of Pickering

emulsion polymerization. Ma et al propose the following possible reaction mechanism of
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Pickering emulsion polymerization.*® As summarized in Figure 2.2, emulsions undergo
homogeneous coagulative nucleation and droplet nucleation. At the beginning of the
reaction, the decomposed initiators react with monomers dispersed in the water phase to
produce oligomer. In homogenous nucleation pathway, the nuclei composed of oligomers
become monomer swollen particles, stabilized by silica nanoparticles. These particles
grow via monomer swelling and subsequent polymerization inside the core, under the
continuous supply of monomers via diffusion from monomer droplets. On the other hand,
in the droplet nucleation pathway, the monomer droplets accept oligomers with radicals,
followed by polymerization to form solid particles. No significant size growth is noted in
the droplet nucleation pathway. Through the investigation of the sample sampling from
different reaction time, Ma et al suggest for system using the VA-086 initiator (2,2'-
Azobis[2-methyl-N-(2-hydroxyethyl)propionamide]), homogeneous nucleation is
dominating, as it is observed that particles grow via monomer swelling and undergo
polymerization to form sub-micron sized particles, an indication of homogeneous
nucleation. However, for system using KPS (potassium persulfate) initiators, both

homogeneous nucleation and droplet nucleation are present.



Figure 2.1 SEM image (a) and cross-sectioned TEM image (b) of core-shell polystyrene-

silica composite particles. Adapted from Reference 46.
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Figure 2.2 Possible mechanisms of Pickering emulsion polymerization. Adapted from



2.1.2 “Smart” Composite Particles Synthesized via Pickering Emulsion Polymerization.
“Smart” materials are defined as materials with the capability of adjusting their
properties upon environmental stimuli such as temperature, pH or light etc. Recently,
poly (N-isopropylacrylamide) (PNIPAmM) polymer has received an intense research
interest due to its unique thermo-responsiveness. PNIPAm polymer is a water-based gel
and compatible with many biological systems. Its unique thermo-responsiveness enables
the gel to undergo a sharp volume phase transition at a lower critical solution temperature
(LCST) (see Figure 2.3).%® In a pure water solution, LCST is determined as 32 <C. Below
LCST, PNIPAm polymer’s hydrogen bonding between polymer polar groups and water
molecules are strong, enabling the polymer backbone expands and stretches; above the
LCST, PNIPAm polymer’s hydrogen bonding is weakened, dominated by hydrophobic

interactions among hydrophobic parts, leading to a collapsed polymer backbone.
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Figure 2.3 Schematic illustration of the thermo-responsiveness of PNIPAm polymer.

Adapted from Reference 54.
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In our group, Ma et al successfully synthesize “smart” polystyrene/PNIPAm silica
core-shell composite particles by incorporating thermo-responsive PNIPAm via Pickering
emulsion polymerization, using the similar recipe of synthesizing polystyrene silica core-
shell composite particles. A Dynamic Light Scattering (DLS) study shows for 15 wt%
NIPAAm content polystyrene/PNIPAm silica core-shell composite particles, an 8 % size
decrease is achieved as temperature increases above particle’s LCST of 32 °C. The LCST
is not shifted, indicating silica nanoparticles and copolymerization of polystyrene do not
influence the LCST in this case. This is because silica nanoparticles are located at the
surface of the composite particles. A possible hypothesis to explain what appears to be no
influence of copolymerization of polystyrene is that a phase separation exists inside the
polymeric particles. Duracher et al suggest a polystyrene rich core with PNIPAm rich
shell >

Sanyal et al. further the study of “smart” polystyrene/PNIPAm silica core-shell
composite particles into drug release application (Figure 2.4).*’ During the reaction
synthesis, anticancer agent 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG) is
loaded into the polymer core. Fluorescence images show that these composite particles
are successfully taken up by human prostate cancer (PC3 and PC3-PSMA) cells. Upon
temperature increase, drug release is successfully observed due to the shrinkage of the
particles. The ability of controlled drug release by “smart” polystyrene/PNIPAm silica
core-shell composite particles is demonstrated.

The thermal transition of “smart” polystyrene/PNIPAm silica core-shell composite

particles is also studied by Sanyal et al.>® It is found that the degree of thermal transition
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increases with NIPAAmM content increase. In addition, the LCST could be adjusted by

addition of cross-linkers, co-monomers, surfactants and co-solvents.

Silica Nanoparticles

Polystyrene

IPNIPAAmM Core Temperature

Stimulation

17-AAG (Drug)

Figure 2.4 Schematic illustration of controlled drug release upon temperature stimulation

of polystyrene/PNIPAm silica core-shell composite particles. Adapted from Reference 47.

2.1.3 Solid Particles as Pickering Emulsion Stabilizers

The stabilization of emulsions by solid particles is driven by thermodynamic
requirement.>” Theoretically, the absorption of solid particles onto liquid-liquid interface
IS a spontaneous process, because this process drives towards the preferable lower free
energy condition. Compared with conventional surfactants, the absorption of solid
particles onto liquid-liquid interface is a near-irreversible process; on the other hand, the
conventional surfactants tend to undergo absorption-desorption process at the liquid-
liquid interface, due to weak absorption energy at the liquid-liquid interfaces. The
stability of solid particle absorption on the interface is quantified by calculation of
desorption energy via the following equation:

AG = ma?y,, (1 + cos 6)? (1)
12



where AG is the desorption energy, « is the radius of particles, y,,, is the tension at the

oil-water interface, 6 is the three phase contact angle.

2.1.3.1 Effect of Particle Size

Particle size is an important factor determining the capability of particles absorption
on the liquid-liquid interface. Theoretically from Equation 1, the desorption energy
increases with particle size. This relationship is illustrated in Figure 2.5. Binks have
shown that for particles of intermediate hydrophilicity ranging from micron size to
several nanometer size, the desorption energy is significantly larger than thermal energy,
indicating irreversible absorption; whereas for particles less than 1 nm, the desorption
energy is comparable with thermal energy, leading to the possibility of particles’
desorption from the liquid-liquid interface.>® However, the influence of particle size on
emulsion stability is still under debate. Experimental results show that increasing particle
size leads to decreased emulsion stability until a critical size is approached. Binks and
Lumsdon et al suggested from experimental results that particles with bigger size tend to
have less emulsion stability.>® Tambe et al studied the effect of particle size on emulsion
stability by utilizing alumina particles on decane-water system.®® Shown in Figure 2.6,
the larger particles (37 jum) could not stabilize the emulsions, whereas smaller particles
(4 pm) are able to stabilize them. It should be mentioned that the theoretical analysis on
thermodynamics of particle absorption assumes flat liquid-liquid interfaces with
considerably small particle size. For curved liquid-liquid interfaces, studies have shown
that the curvature of interface influences the desorption energy and position of particles at
the interfaces.®
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Figure 2.5 Theoretical relationship between detachment energy and particle radius.
Particle contact angle is 90<at planar oil-water interface at 298 K. Adapted from
Reference 58.
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Figure 2.6 Effect of particle size on stability of alumina-stabilized emulsions. Adapted

from Reference 60.
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2.1.3.2 Effect of Particle Hydrophilicity

The hydrophilicity of particles is an important factor influencing desorption energy.
Reflected from three-phase in Equation 1, the contact angle 6, the desorption energy is
the highest when 6 = 90 < as particles are equally wetted by both liquid phases. Away
from 90< the desorption energy drops sharply. This indicates an intermediate
hydrophilicity of the particles will increase the stability of particles’ attachment at the
liquid-liquid interface. The influence of hydrophilicity is illustrated in Figure 2.7.
Experimental work is first conducted by Schulman et al. demonstrating the 90 contact
angle for particles with intermediate hydrophilicity provides the most stable emulsions.®
Yan et al also find that the most stable emulsions are formed with intermediate contact
angle.®® In their work, latex particles, clay particles and fumed silica nanoparticles with
different hydrophilicity are used to stabilize toluene-water emulsions. Figure 2.8 are the
results from Yan et al for emulsions stabilized by fumed silica nanoparticles with contact
angle ranging from 0°to 96 < This demonstrates that particles with contact angle much

lower than 90°(0°and 60 could not stabilize the emulsions.
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Figure 2.7 Theoretical relationship between desorption energy and contact angle at a
planar oil-water interface. Particle radius R = 1 x10°® m, interfacial tension yon= 36 X
10 N m™ The contact angle 6 is measured from the water phase at 298 K. Adapted from

Reference 59.
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2.1.3.3 Effect of Particle Concentration

Particle concentration is an important factor for emulsion stability. Several
publications show that increase of particle concentration will improve emulsion
stability.®*®® As particle concentration increases, the surface coverage of emulsions
increases, providing an improved emulsion stability. In addition, increased particle
concentration might provide increased viscosity of continuous phase to improve emulsion
stability. Binks et al utilize 25 nm silica nanoparticle-PDMS-water system to study the
effect of viscosity on emulsion stability. They find the viscosity of continuous phase
increases with particle concentration, while the emulsion size remains constant.** Thieme
et al find that at high particle concentration, excess particles in continuous phase may
provide a three-dimensional network surrounding emulsions to increase their stability.®*
Although increased viscosity of continuous phase might improve emulsion stability, it
will lead to production and application problems. Therefore, particle concentration
requires a careful selection.

Increased particle concentration might also lead to phase inversion under some
conditions. For instance, Binks et al report that under high silica particle concentration,
the silicon oil-water emulsions switch from oil in water (o/w) to water in oil (w/0)
emulsions.®” This phenomenon is due to a hydrophilicity change as particle concentration
increased; in the oil phase, particles form aggregates and more hydrogen bond forms

between silanol groups at particle surface, causing decreased hydrophilicity.
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2.2 Seeded Emulsion Polymerization

For emulsion polymerization, the size of latex particles is determined by both the
short nucleation stage at the beginning of nuclei stabilization stage during latex particle
growth in reaction. A potential issue is that the short nucleation is a variable process,
determined by radical formation. This variability results in fluctuation of polymerization
speed and final particles’ size.®® In order to solve the above-mentioned problem, seed
particles are added at the beginning of reaction to minimize variability during nucleation
stage. This enables researchers to control polymerization reaction rate and the size of
latex particles in an easy way. Furthermore, less reactor build up is necessary for seeded
polymerizations. The addition of seed provides more stable lattices, as evidenced by
reduced customer complains. Moreover, the formation of bimodal latex with less product
viscosity is feasible under careful control of seed concentration applied.

For seeded emulsion polymerization, nucleation stage during the starting few
percentage conversion is a very important. As the seeds are formed in nucleation stage,
their growth continues to form final latex particles. Nucleation stage influences both the
size of final latex particles and polymerization rate, because the number and surface area
of seeds determine latex particle growth rate.*® For semi-batch polymerization reaction
and reactions require feeding during reaction process, nucleation stage is very important.

During the nucleation step, initiation takes place as initiators decompose to form
radical species, due to external stimuli like increased temperature or addition of reducing
agent. Oligomer radicals are formed as initiator radicals interact with monomer species
with increasing molecular weight. Increased molecular weight of these oligomers induces
their decreased solubility in water. Subsequently, nuclei are formed as these oligomers
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precipitate and aggregate with other precipitated oligomers. Several factors determine
radical initiation include dissolved oxygen concentration, inhibitors and impurities.” In
some cases, these factors are difficult to eliminate/control. This results in considerable
variability of polymerization reaction rate and the size of latex particles. Seeded emulsion
polymerization is an effective way to reduce this problem by providing uniform seeds
from which oligomers/polymers are able to grow.

Any type of small particles (organic polymers or inorganic materials) could
potentially serve as seeds for seeded emulsion polymerization to form final latex particles.
Under the condition that the surface area or number of seeds is sufficient to absorb all
dispersing oligomers radical species, final latex particles with uniform size will be
obtained. The concentration and size of final latex particles depend on seed particle
concentration. Seeds particles need to be small enough and stable in reaction environment;
however, it is not necessary to be the same composition with the final latex particles.
Reports demonstrate that the properties of the final latex particles are not changed by
utilizing seeds containing only 5 wt% reaction polymers. The size distribution of seeds
plays a role on the size of final latex particles.”

Reports demonstrate seeded emulsion polymerizations are applied to produce
waterborne paints, where 200 nm final latex particles are formed (Figure 2.9).
Carboxylate-modified methacrylate copolymer latex particles serve as seed particles with
reproducible particle size of 70 nm. In order to obtain a uniform latex particle size, pH
has to be raised above 6 as the latex was modified by carboxylate groups.’? As shown in
Figure 2.10, the weight of seeds is in linear relationship with final latex particle size,
where the size of latex particles decreases with increased seed weight. It is calculated that
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for each seed are present in reaction environment, two final latex particles are formed.
This indicates some in-situ nucleation takes place. Compared to other emulsion
polymerization process, seeded emulsion polymerizations provide more repeatable results

and desirable particle size control.

Figure 2.9 Carboxylate-modified methacrylate copolymer latex particles synthesized via

seeded emulsion polymerization Adapted from Reference 71.
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Figure 2.10 Relationship between latex particle size and weight seed. (Figure adapted
from http://www.chemical-associates.co.uk/)
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2.2.1 Solid Particles as Seeds for Seeded Emulsion Polymerization

Currently, both organic polymer particles and inorganic particles could serve as seeds
for seeded emulsion polymerization. For organic polymer particles, seeds are not limited
to particles with same composition as final latex particles. Under the condition that the
surface area or number of seeds is sufficient to absorb all dispersing oligomers radical
species, final particles are usually formed with uniform particle size. For inorganic
particles as seeds, in order to allow monomers grow on the seeds, chemical bindings are
needed between inorganic particles and monomers. Utilizing inorganic particles as seeds
for seeded emulsion polymerization, final particles with unique complex structure could
be obtained.

Ravaine’s group utilizes silica nanoparticles as seeds for synthesis of silica-polymer

composite particles with different structures.”"*

These silica particles’ surfaces are
modified with methacrylate group, allowing subsequent emulsion polymerization of
styrene to form daisy-shaped and multipod-shaped composite particles (Figure 2.11). Via
simple control of the density of polymerizable groups at silica’s surface and reaction time,
the morphology of these particles can be controlled. These particles show potential

applications as building blocks for more complex and hierarchical supra-particular

assemblies.
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Figure 2.11 (a) Illustration of formation pathway of silica-polystyrene composite particles
with daisy-shaped and multipod-shaped. (b) TEM and SEM images of silica-polystyrene

composite particles with daisy shape and multipod shape. Adapted from Reference 73.
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Reports show that AuNPs have the potential capability of serving as seeds for seeded
emulsion polymerization. Several publications demonstrate a moderate interaction
between aromatic rings and AuNP surface.” ""® Miyamura et al find that polystyrene
ligands could serve as stabilizing reagent to avoid aggregation of AuNP clusters. Kumar
et al suggest the reduction of = electrons clouds density of aromatic rings will result in
negligible binding of the substituted benzenes with AuNP surface. Ohnuma et al find
asymmetric gold-polystyrene composite particles are synthesized via precipitation
polymerizations, with the aids of cross-linkers.”” A seeded formation mechanism is
proposed where polystyrene polymers are able to provide aromatic rings to interact with
the surface of AuNPs. Therefore it is possible that for reactions involving AuNPs and
monomers with aromatic components, seeded-growth formation is taken place, where
monomers/oligomers dispersed in water phase are able to provide = electrons from

aromatic rings to interact with AuNPSs in water phase.

2.3 Gold Nanoparticles with their Optical and Catalytic Properties.
2.3.1 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is the collective resonant oscillation of the
conduction electrons of noble metals.”® Figure 2.13 (left) is the illustration of how
resonant electric field triggers displacement of conduction electrons. For AUNPs, SPR
enables a sharp and intense absorption band in the visible range. Figure 2.13 (right) is the

UV-Vis absorption spectrum of 20 nm AuNPs.
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Figure 2.12 (Left) lllustration of SPR oscillations triggered by an oscillating E-field. The
periodic displacement of the conduction band electrons (green) from the nuclei (gray) is
demonstrated. o, is the SPR frequency. (Right) Typical extinction spectrum of 20 nm
AUNPs based on SPR. The absorption peak locates at wavelength of 523 nm. Adapted

from Reference 78.

For spherical nanoparticles with size much smaller than incident light wavelength, the
dipole approximation of Mie theory explains how oscillating electric field triggers the
displacement of electrons in conduction band. In dipole approximation of Mie theory,
the scattering and absorption of particles will induce energy loss in the light propagation
direction. This energy loss is quantified via extinction cross section as a function of

wavelength. Equation 2 is the extinction cross section of a single metal particle,

2Un? R332 e’ ()
e- rt(A) = = ! !
Cext(N) A ENF2a)+E 0?2

where A is the incident light wavelength, &(1) is dielectric function of the particle &(A) =

e'(M) +1ig()), en Is the dielectric constant of the medium. R is particle radius.
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From this equation, the extinction cross-section is determined by dielectric function
of metal and dielectric constant of medium. In terms of dielectric function of metal
nanoparticles, this dependence enables metal nanoparticles distinctive absorption and
scattering properties. The dielectric constant of the medium also plays an important role
on extinction properties of metal nanoparticles. Take AuNPs as an example; a common
phenomenon is that the color of AuNP solution varies with different solvent being used,
as the dielectric constant of the solvent is changed. This phenomenon is investigated by
UV-Vis spectrometer by Underwood et al.”® They test 16 nm AuNPs dissolved in a list of
solvents with different dielectric constants and the results show the absorption peak red-
shift from 520 nm to 545 nm, as the solvent refractive index changes from 1.3 to 1.6.

This result agrees well with the predicted value of dipole approximation of Mie theory.

2.3.2 Catalytic Properties.

Sustainable chemistry is a major concern in 21st century.®>® Tremendous efforts
have been devoted to energy conservation and saving resources such as fossil fuel.
Compared to stoichiometric reactions which require multiple steps with high E-factor
(weight ratio of by product to desired product) of 5-10, simple reactions with low E-
factor and minimum energy loss are preferred. The term “green” process is defined as
process at room temperature and atmospheric pressure, in water solution or solvent-free
conditions, and utilizing air and hydrogen gas as oxidant and reductant, respectively.

Gold in bulk phase has been considered as chemical inert material for thousand years,
suitable for art and luxury items. However, researchers have found that as the size
reduced to nanoscale, gold materials have exhibit an excellent catalytic properties
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towards various types of reactions.®® For most cases, AuNPs have exhibited higher
catalytic activity, stability and selectivity under lower temperature condition, compared to
palladium and platinum counterpart. This shows great potential for sustainable process.
Zhang et al.®® have summarized the contribution of AuNP catalysts toward chemical
synthesis. First, AUNPs are found to have capability of removing environmentally
harmful materials at room temperature and atmospheric pressure. (e.g. carbon monoxide,
nitrogen oxides, volatile organic compounds (VOC)). Second, unlike conventional noble
metal catalysts Pd, Ru etc., which are difficult to catalyze important reactions such as
hydrochlorination of alkynes, epoxidation of terminal olefins, AUNPs have shown
excellent catalytic performance towards these reactions. Moreover, it is found that a
unique Au-Pd alloy catalytic system is capable of improving efficiency and selectivity in
selective oxidation reaction, which might be a breakthrough in the catalyst industry.

For selective hydrogenation reaction, Okumura et al synthesize a series of AUNP
supported by alumina substrate via different methods, and investigate their catalytic
performance on the 1,3-butadiene hydrogenation reaction.®* They find that through the
application of deposition-precipitation method, synthesized AuNPs achieve the best
performance, where 1,3-butadiene conversion is approximate 100%, with good selectivity
(over 60%) to the desired 1-butene (side product 2-butene). Excellent catalytic
performance is also shown in o,f-unsaturated aldehyde hydrogenation, nitro group
hydrogenation, anhydride hydrogenation and aromatic ring hydrogenation.® For selective
oxidation reactions, AUNPs have shown good performances towards selective oxidation
of alkanes, epoxidation reactions, alcohols oxidations, aldehydes oxidations, silanes
oxidations and hydrosilylation reactions, as well as biomass transformation to fine
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chemicals.®® For reactions involving addition to multiple C-C bonds, AuNPs
demonstrates an important role as Lewis acid towards multiple C-C bonds.®® For addition
to alkynes, the coordination of AuNPs with carbon triple bonds is very effective.?>® As
shown in Figure 2.14, alkyne turns into activated nucleophiles, where the final step is the
Au-C bond cleavage. For hydroamination of multiple C-C bonds of AuNPs, several
publications are reported. Recently, AuNPs exhibit high catalytic activity towards
hydrosilylation of multiple C-C bonds.®**° For addition to olefins, past catalysts do not
give desirable results, as unsaturated C-C bonds, in specific C=C bonds, favored to react
with electrophiles. However, AuNPs demonstrate that alkenes can be activated by AuNPs
catalysts, where CuCl; is needed for stabilization of AuNPs reason.*"%? For alkylation of
heterocycles by carbonylic reagent, cyclization reactions, AUNPSs are considered as
desirable catalysts for furan condensation by carbonyl compounds under mild
conditions.*** For green chemistry considerations, AuNPs are more desirable compared
to Brensted acids.

[Au’]
[Au®] 1N _/[Au] Nu- [Au]l  H*

Figure 2.13 Illustration of summary of reaction mechanism for nucleophilic addition to

carbon-carbon triple bonds catalyzed by gold nanomaterials. Adapted from Reference 85.

For cyclization reactions, the conversion of 2-substituted furans into phenol
derivatives by gold salt is reported by Hashmi et al, where a unique ring expansion shows

promising potentials for modification of phenols from furans.(Figure 2.15)** For
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benzannulation reactions, gold salts are capable to catalyze benzannulation reactions such
as enynal, enynones and alkynoates substructures with carbon multiple bonds.®”*® AuNPs
are suitable for green chemistry purpose. For C-C coupling reactions, reports show
AUNPs are capable of serving as catalysts for Suzuki-Miyaura coupling reaction, the
same role of the past Pd catalysts.*® Corma et al report that Gold/CeO, serves as catalysts
towards Sonogashira cross-coupling reaction and excellent yield with a very high

selectivity of 99% is obtained.'®

N catalyst
| 60 °C
O  NTs - NTs
=/ CD5CN

OH

Figure 2.14 Illustration of the rearrangement reaction of o-alkynyl substituted furans into

phenols catalyzed by gold nanomaterials. Adapted from Reference 85.

Nowadays green chemistry demands us to apply oxygen as preferred oxidation reagent
for oxidation reactions. Here AuNPs show capability of serving as catalysts for oxidation
reaction utilizing oxygen reagents. It is reported that supported AuNPs demonstrate
superior catalytic selectivity of 99% for propylene oxidation reaction in the presence of
hydrogen.®™*2 However, the limitation exists that it is hard to achieve high selectivity

with conversion above 1 %.

Supported AuNPs
Compared to pure dispersed AuNPs, the primary role of composite gold particles is to

reduce the nanoparticle agglomeration problem and increase particle recyclability. For
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pure AuNPs, the nanoparticles tend to agglomerate, leading to decreased catalyst activity
and recyclability with short shelf lifetime.® In addition, supports are found to participate
directly or indirectly in catalytic reaction to improve catalytic activity.®

Supported gold composite particles have been synthesized with different structures.
ishida et al summarize four typical structures of supported AuNPs.'** (See Figure 2.16)

Tsukuda et al.'**

synthesize poly(N-vinylpyrrolidone) (PVP)-capped AuNPs with
diameters 1.3 nm. These AuNPs successfully catalyze benzyl alcohol oxidation reaction
to produce benzaldehyde. The reaction proceeds in water under 30 < with O, as oxidant.
They demonstrate the TOF value increases as AuNP’s size decreases from 6 nm to below
3 nm. However, due to their small size, these AuNPs are difficult to recycle. Figure 2.16b
is the polyacrylic resin (poly-2-(methylthio)ethyl methacrylate-N,N-dimethyl acrylamide-
N,N-methylene bisacrylamide (MTEMA-DMAA-4-8))-supported AuNPs with gel
structure.® The aggregation problem is avoided as the gel pore size (2.5 nm) is just
slightly larger than AuNPs (2.2 nm). They demonstrate that these gel-type particles
successfully catalyze pentanal oxidation reaction to produce pentanoic acid with 95%
conversion. Figure 2.16c¢ is polystyrene-encapsulated AuNPs where AuNPs are stabilized
with aromatic rings of polystyrene substrate.? These particles demonstrate excellent
recyclability and catalytic activity at room temperature. Deng and Haruta'*® develop a
simple way to synthesize polymer-supported AuNPs via surface functional group of
anion-exchange resin. The AuNPs are stabilized on the surface of anion-exchange resin

as illustrated in Figure 2.16d. These supported AuNPs demonstrate excellent TOF

(turnover frequency) value for glucose oxidation reaction in water solution.
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Supported AuNP catalysts provide a path to bridge the space between homogeneous
and heterogeneous catalysis. The combination of gold nanoparticles and support provides
new options of catalysts because the properties of these composite particles could not be
achieved from support nor bare gold nanoparticles alone. In addition, gold nanoparticles
are able to interact with support via electron transfer within their pathways. This
interaction provides stabilization of charged species on support’s surface serving as
Lewis acids as they serve in corresponding salts in solution.® 16117

AUNPs are reported to exhibit strong interactions with supports, as evidenced by the
presence of charged gold detected from several spectroscopies, and the fact that these
AuNPs are able to catalyze reactions which requires charged gold species.®® This
indicates that even argument exists that charged species are not located on support, one
has to admit that there must be some unsaturated gold atoms in support capable of
polarizing reaction molecules in a similar pathway as Au(l11) and Au (1) serve in
homogeneous solution. This property indicates that AUNPs potentially provide catalytic
applications expanding to new reactions. In addition, it is desirable to utilize these
unsaturated AuNPs to interact with chiral ligands, forming chiral AuNP active sites. This
property also provides possibility of new research direction involving synthesizing
multifunctional AuNP catalysts as new product, as well as one-pot reaction with multi-
steps.

The successful applications of AuNPs as catalysts also provide insights on stabilization
and control the formation of other surface charged noble metals such as Pt, Ir, Rh, Pd, etc.
Therefore, similar to Au species, other surface charged noble metals are possible to
transfer from homogeneous species to solid catalysts and subsequently heterogeneous
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catalysts like supported catalysts. This could potentially serve as a bridge between
homogeneous catalysts and heterogeneous catalysts.

Application of AuNPs is limited due to their cost and availability. However, AUNPs
provide promising potentials for industrial applications, considering the fact that the main
concern in industry is catalyst effectiveness related to catalyst activity and selectivity.
This productivity influences supported AuNPs’ stability and durability. For the same
reason, other noble metals such as Pt, Ir, Rh, Pd, etc. could be used where estimated
catalysts cost is acceptable and effectiveness of catalysts is more concerned. Reports
demonstrate that AUNPSs, like other precious noble metals could be recollected and
recycled. Currently, market data show that comparing to other noble metals such as Pt,
Pd, Au is more available with stable price. Therefore, compared to other precious noble

metal catalysts, application of AuUNPs might be more effective.
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Figure 2.15 Schematic illustration of polymer-supported AuNPs. a) Polymer (PVP)-
capped AuNPs b) Functionalized resin-supported AuNPs. AuNPs are anchored within
the resin pores ¢) AuNPs embedded inside the polymer substrate, and d) AuNPs

supported on the surface of polymer particle substrate. Adapted from Reference 113.
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2.4 Motivations
2.4.1 Core-shell Polystyrene-Gold Composite Particles via Pickering Emulsion
Polymerization.

In recent years, the idea of customizing design of material’s optical properties has
attracted increasing research interest. Surface plasmon resonance properties of noble
metal are found to be tunable by controlling the design of geometry of polymer-gold
composite particles. Halas and coworkers are pioneers for designing core-shell structured
gold composite particles with specific surface plasmon resonance properties. For core-
shell nanocomposite particles with a dielectric core and an AuNPs shell, the particles
exhibit unique SPR properties corresponding to their dimension ratio of the core and the

1 %% or the interparticle distance between adjacent AUNPs™®** (See Figure 2.17).

shel
This dependence is attributed to the plasmons hybridization interaction between the inner
gold-core interface and outer gold-surrounding medium interface of the AuNP shell layer.
This tunable SPR wavelength feature is attractive for applications in solar energy
harvesting (tune the SPR wavelength to infrared region where the major part of the
sunlight energy can be absorbed), conducting polymer devices (tune the SPR wavelength
to polymer’s triplet exiton to quench the triplet exiton thus reduce photo-oxidation
problem), drug delivery (tune the SPR wavelength to infrared region to transfer absorbing
light to heat therefore rendering drug release with the help of “smart” thermo-responsive

material.), and biosensors (tune the SPR wavelength infrared region ).1#16-18120
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Figure 2.16 Schematic illustration of tunable surface plasmon resonance properties of

core-shell structured polymer-gold composite particles.

To date, the conventional synthesis methods of core-shell structured gold composite
particles are mainly based on chemical binding or electrostatic attraction interaction,
which often require multiple steps with sophisticated instruments. That is, preforming

AUNPs and driving them to coat the substrate particles'®! %2

or directly forming the
AuNPs at the substrate particles’ surface.***® During these processes, modifying the
substrate particle or AuNP’s surface is required. For the synthesis of polymer-gold core-
shell composite particles, Pickering emulsion polymerization method has its advantages.
Pickering emulsion polymerization enables core-shell structured composite particles to be
formed in one step, using a simple reaction set-up. Recently, we have developed the one-
step Pickering emulsion polymerization route to synthesize silica core-shell

nanocomposite particles.“®*’ Driven by the necessity of developing a new and simple

route of synthesizing polymer-gold core-shell particles, we employ the one-step
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Pickering emulsion polymerization to synthesize the desired core-shell composite
particles.

Currently, solid stabilizers that utilized in Pickering emulsion polymerization are
limited to silica particles, titania particles and laponite platelets. The common advantage
of these three solid stabilizers is that high concentration of the particles is available with
low cost. As mentioned before, high particle concentration in the reaction is able to
increase the surface coverage of the solid stabilizers to provide emulsion stability. In
addition, it is reported that the excess of solid stabilizers are able to provide 3-D network
surrounding emulsions to provide emulsion stability. On the other hand, to our best
knowledge, it remains challenging for AuNPs to be utilized as stabilizers in Pickering
emulsions. The high Hamaker constant of AuNPs prevent them from forming stable
Pickering emulsions.*?! Pozzo and coworkers successfully stabilize water-hexadecane
emulsions by using functionalized AuNPs, where the AuNPs’ surface is modified by
hydrophilic polyethylene glycol-thiol ligand and hydrophobic alkane-thiol ligand.*?
However, due to the chemical inertness of hexadecane as the oil phase, emulsion
polymerization could not proceed.

To the best of our knowledge, the morphology study of core-shell polymer-gold
composite particles is not of research interests. This is mainly because for core-shell
polymer-gold composite particles synthesized via conventional route described above,
AUuUNPs generally distributed randomly on the surface of polymer core, as no uniform
interaction force is present between AuNPs. On the other hand, here it is intriguing to
investigate the morphology of core-shell polymer-gold composite particles synthesized
via Pickering emulsion polymerization. This is because for Pickering emulsions, solid
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stabilizers are able to self-assemble at the emulsion’s oil-water interface with a long-
ranged lattice structure.**®*** It is possible that the ordered lattice structure could be
maintained during Pickering emulsion polymerization to give core-shell composite

particles with ordered lattice structure on the surface.

2.4.2 “Smart” PNIPAm-Gold Composite Particles with Tunable Optical Properties
2.4.2.1 Tunable Surface Plasmon Resonance of Polymer-gold Composite Particles.

The advent of synergistic combination of “smart” polymers (thermo-responsive
PNIPAm polymers in particular) and inorganic nanomaterials triggers increasing research
attentions in recent years. Several PNIPAm-gold composite materials have been
synthesized with unique structures, showing that the material’s optical properties can be
tuned based on PNIPAm’s thermo-responsiveness. For example, Tagliazucchi et al.
present a model demonstrating that for PNIPAm-coated AuNPs, as the coated PNIPAmM
layer collapses above the LCST, the change of refractive index of the PNIPAM medium
leads to a slight red-shift of the particle’s SPR wavelength.?” Sorrell et al. fabricate a
color-tunable film in which the PNIPAm microgel layer is sandwiched by two Au
substrates. The color-tunable property is based on tuned interference properties.** 12

Recently, Lv et al proposed a potential application based on this tunable SPR

properties.?° This tunable SPR properties is based on Equation (3):

: 1/3
& (A)(e1 + 2e3) 3)
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where A is the wavelength corresponding to the diameter ratio. &5 and &;'is the real and
imaginary part of AuNP dielectric function respectively. &;and e;are the dielectric

functions of the core and surrounding medium respectively.

Daytime Nighttime
=Emit energy to cooler night sky

=Absorb incoming solar energy

Absorption Eff

Wavelength

Nanoshell (dielectric core metallic shell)
r,/rs is kept small to absorb incoming solar

Figure 2.17 Schematic illustration of dual use solar thermal collector/night-sky radiator.

Adapted from Reference 120.

The potential application leads towards two directions. The first is that radiative
properties are dynamically controllable, providing potential technological opportunities
for nanofluid application. A theoretical design is a “dual use solar thermal collector/night-
sky radiator” (Figure 2.18). In the day time (T>32 °C), ri/r, ratio is kept small with
absorption/emission wavelength blue-shifted to the high energy range; in the night time
(T<32 °C). r1/r; ratio increases with absorption/emission wavelength red-shifted to the
infra-red range. As the absorption peak wavelength is dynamically controllable, it is
possible to create a system t receives solar energy during the daytime (absorption

receiver), and releases energy during the nighttime for cooling purpose (radiator).
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Another interesting application is to utilize the particles in a thermo-optical switch, which

could serve as a nanofluid filter switching between opaque and transparent status.

2.4.2.2 Tunable Scattering Intensity of Polymer-Gold Composite Particles

Light intensity is a key factor for optical devices and could be utilized as signals for
intensity-based optical sensors, which is potentially the simplest optical sensor.** For
example, particles with switchable scattering intensity could be utilized in thermal sensor,
in which the thermo-responsive scattering intensity serves as signals. However, currently
tuning or utilizing the particle’s scattering intensity remains less-explored.

Mie theory explains the principle of particle light scattering.'?®> The oscillating
electrons induce dipole reradiations. These dipole reradiations overlay each other, leading
to net scattering light. The Mie’s solution to particle light scattering involves two
parameters, n, (so-called “magnitude of refractive index mismatch”) and X (Size

parameter):

N = Np/Nined (4)

n, is the refractive index ratio of the refractive index of particle to surrounding medium.

X = 2ma/( A /Mmeq) (5)
where a is particle radius, A is light wavelength
Based on Mie theory, the scattering intensity depends on particle size and refractive
index contrast between particles and surrounding medium. The scattering coefficient

increases as particle size increases, or as refractive index contrast increases.?® %2’ The
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particle density and refractive index increase significantly, leading to a large refractive
index contrast between the particles and the water phase.

Motivated by the success of synthesizing “smart” polystyrene/PNIP Am-silica core-
shell composite particles in our group, we will demonstrate the synthesis of “smart”
polystyrene/PNIPAmM-gold core-shell composite particle. Due to the thermal
responsiveness of PNIPAm polymers, both particle’s size and refractive index change
according to Mie theory. Therefore, we will investigate the tunable optical properties

focusing on scattering intensity issue.

2.4.3 Gold-Polymer Composite Particles with Complex Structure and their Self-
modulated Catalytic Activities

Nanoscale particles with complex structure have drawn an increasing research
interests in recent years. Particles can be synthesized with different structure (e.g.
dumbbell shape, multipetal shape etc. Figure 2.19), composition and functionality,
enabling them to serve as building blocks for advanced ordered and hierarchical materials.
For instance, polystyrene particles could be designed and assembled into micro-clusters
functionalized with DNA patches.?® These colloidal particles possess a variety of three-
dimensional structure with specific directional bondings, imitating hybridized atomic
orbitals (including sp, sp?, sp°). This suggests the possibility of assembling micron-sized
particles in a way where molecules self-assemble in the molecule domain. In addition,
particles with complex structure (e.g. multipetal shape) provide high surface roughness
and large specific surface area. These unique properties might lead to potential
applications such as super-hydrophobic and super-hydrophilic surfaces.** For
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dumbbell-shaped composite particles, applications such as photonic band-gap materials,

nanopatterns by colloidal lithography are reported.”?®

>
¢o ¢ €

Tripetal Tetrapetal

Dumbbell Shape Multipetal Shape
Figure 2.18 Illustration of composite particles with dumbbell and multipetal shapes.

To date, reports for synthesis of multipetal-shaped composite particles are quite rare,
and the synthesis of organic-inorganic hybrid multipetal-shaped composite particles is
limited to utilization of silica nanoparticle as center particle. Utilization of gold
nanoparticles to synthesize multipetal-shaped composite particles is not reported. AUNPs
are well-known for their unique optical and catalytic properties. As for the above-
mentioned applications in building blocks for ordered and hierarchical materials, utilizing
AUNP for synthesis of multipetal-structured and dumbbell-structured composite particles
might provide advanced feature, potentially useful for applications in SERS substrate,
etc.. Moreover, multipetal-structured and dumbbell-structured gold-polymer composite
particles might serve as supported catalysts. Here we propose to employ AuNPs as seeds
for one-step seeded emulsion polymerization route to synthesize of gold-
center/polystyrene-petal multipetal-shaped and dumbbell-shaped composite particles.

AuNPs are well-known for their superior catalytic activity towards homogeneous

reaction and heterogeneous reaction.® ® Studies on synergistic catalytic function
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contributed by AuNPs and thermo-responsive PNIPAm is seldom-reported. The
possibility of self-controlling the catalytic properties of AuNPs is promising. Here we
propose a one-step seeded emulsion polymerization route for synthesis of PNIPAm-gold
composite particles. The catalytic properties of these composite particles will be

investigated.

2.4.4 “Smart” Nanofluids with Self-controlled Temperature.

Solar energy collectors are widely used nowadays and are the tools for “green” solar
energy harvesting. However, a common problem exists for solar energy collector:
overheating problem caused by stagnation (a region in a flow field where the
local velocity of the fluid is zero) of heat transfer fluids."*” Caused by power or
equipment failures or during routine shut-downs when a reduced energy is required, mid-
temperature flat-plate solar collectors may reach temperatures in excess of 180 <C.**
During this no-flow condition, commonly referred as stagnation condition, serious
damage is possible for solar collectors and system components. The harmful high
temperature caused by stagnation condition might cause the following problem:
accelerated degradation of collector components (ranging from visual appearance to
degradation of the optical properties of the absorber coating) and heat transfer fluids;
excessive pressures in absorber mountings or within the absorber structure itself (due to
thermal expansion).(Figure 2.20) High temperatures in other components of the solar
collector, particularly if different materials or complex geometries are used (e.g.,
insulation, gaskets and sealants) may also result in accelerated material degradation or
outgassing of volatile compounds that may condense on the optical surfaces of the
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collector, (e.g., the surface of absorber or the interior of glazings); scalding temperatures,

137

a potential danger for residents.

r

S

Figure 2.19 (left) Deformation and bending of absorber plate at edge due to its
constrained thermal expansion during stagnation; (middle) permanent deflection of
absorber plate due to constrained thermal expansion of solar collector absorber plate;
(right) degradation of propylene-glycol/water solution after increased time-exposure to

high temperatures. Photos adapted from Reference 137.

Nanofluids are dilute dispersions of particles with nanometer size. Nanofluids are
found to be potentially useful as heat transfer fluid due to their enhanced heat transfer
coefficient.* In particular, it is possible to employ nanofluid materials to serve as heat
transfer fluids in solar collector system. Recently, Dr. Otanicar has developed a
theoretical model of “smart” nanofluids with self-regulated temperature (Figure 2.21).
These “smart” self-temperature-controlled nanofluids are proposed with capability of
reducing temperature under stagnation condition. These nanofluids are composed of
thermo-responsive PNIPAm-gold (or other inorganics) core-shell structured composite
particles. Due to the thermo-responsiveness of PNIPAm, particles in dispersions are in
swollen stage under normal operation conditions, below LCST; when stagnation occurs

(above LCST), particles are in shrinkage stage. According to the model, the absorbed
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energy is proportional to particle diameter and absorption efficiency (Equation 7).
Assume the absorption efficiency is constant, as particles undergo size decrease, the
volume fraction decreased, leading to decreased absorbed energy. Figure 2.22 shows
decreased absorbed energy leads to decreased temperature decrease. Therefore, the self-

temperature-control property of nanofluids is achieved.

In Operation,
T<LCST X Stagnation,
o Reflective Surface T>LCST
TR s
o A o
.. 41
@ : - ‘

Figure 2.20 Schematic illustration of performance of “smart” nanofluids of PNIPAm-
gold core-shell particles. Figure adapted from (Otanicar, 2014)
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Figure 2.21 Relationship between stagnation temperature and absorption of heat transfer

fluids. Figure adapted from (Otanicar, 2014)
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Here we propose to experimentally develop “smart” nanofluids with the self-
temperature-control ability. We plan to synthesize core-shell PNIPAm-gold composite
particles with increased thermo-responsiveness. Given by the current limitation of
synthesizing core-shell composite particles with significant thermo-responsiveness, we
will consider modifying the synthesis recipe. For example, the reaction solution will be
ended at the early stage. Kinetic study shows PNIPAm and polystyrene react at different
stage: PNIPAm first, then polystyrene.®® In addition, methods of decreasing particles size
are considered, as the numerical model is based on particle size below 200 nm. Here we
will decrease the styrene and PNIPAmM concentration or increase initiator concentration to
achieve this, based on the following theory of emulsion polymerization.®® In Equation 8
below, M, is the number-weighted molecule weight of particles, directly related to

particle size. Mo is monomer concentration, and [I]o is initiator concentration.
fo
M N}epe M/kd[]]n (7)

However, there is a potential problem that Qps is not constant for PNIPAm-gold core-
shell particles. As shown in Figure 2.23, as temperature increases, particles shrink with
absorption significantly increased. This is undesirable for temperature control. Here we
propose to try some alternative particle stabilizers such as carbon black and graphite to
synthesize thermo-responsive core-shell PNIPAm-carbon black/graphite composite
particles. Undesirable increase of absorption efficiency will be avoided, because carbon

black/graphite shows no SPR properties in this functioning wavelength range.
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Figure 2.22 Numerical results of absorption efficiency for PNIPAm-gold core-shell
particles below LCST (blue) and above LCST (green). Figure adapted from (Otanicar,
2014).
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Chapter 3

METHODOLOGY

3.1 Materials

Spherical AuNPs, (20 nm, wt% of 3.0%, capping agent Nsol (alkyl acrylate),
Nanopartz Inc.), styrene monomer (99.9%, Fisher), N-isopropylacrylamide monomer
(NIPAAmM, 97%, Aldrich), nonionic initiator VA-086 (98%, 2,2-azobis(2-methyl-N-(2-
hydroxyethyl) propionamide), Wako Chemicals), and water (HPLC grade, Acros
Organics) are utilized in the Pickering emulsion polymerization process without further
purification. N,N'-methylene-bis-acrylamide (MBA) (MP Biomedical LLC.) is used as

cross linker. Carbon black (99.9%, Alfa Aesar)

3.2 Particle Synthesis

For synthesis of polystyrene-gold composite particles, 0.1 g AuNPs dispersion, 6 ml
water and 0.1 g styrene are sonicated by a VCX 500 ultrasound sonicator (amplitude 21%)
to form the emulsion. For synthesis of polystyrene/PNIPAm-gold composite particles,
0.05 g AuNPs dispersion, 15 ml water and different proportion of styrene (0.1g-0.5g),
different proportion of NIPAAm (0.05g-0.5g) are sonicated by a VCX 500 ultrasound
sonicator to form the emulsion. The emulsion is then immediately moved to a 3-neck 15
ml flask and degassed with nitrogen for 15 minutes. After the solution is heated to 65 <C,
0.028 g VA-086 initiator in 0.3 ml water solution is injected. The reaction lasts for 4
hours. Before characterization, the synthesized sample is washed with water by three
centrifugation-redispersion cycle to remove unreacted monomers/oligomers and

unattached AuNPs. The core-shell and asymmetric particles are separated by
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centrifugation with speed of 5,000 rpm for 20 minutes. The core-shell particles settle
down after centrifugation; the pure asymmetric particles are collected from the upper
solution. For the control experiment with cross linkers, 5% (mole percentage) of MBA is
added with styrene and NIPAAmM monomers. For synthesis of CB-PNIPAm/polystyrene
composite particles, 0.33g CB powder, 0.67g styrene, 3.3g NIPAAm, initiator VA086
0.254g, water 31.6g are sonicated by a VCX 500 ultrasound sonicator to form the
emulsion. The amplitude of ultrasound sonicator is set at 31 % to avoid styrene-CB paste

forming. Reaction lasts for 4 hrs.

3.3 Catalytic Study of Gold Composite Particles

Typically, 5 ml Rhodamine B solution (410" mol/L) are mixed with 2x103g
NaBH,, and gold composite particles (AuNP concentration is 9.2x10™ wt %) are added
as the catalyst. UV-Vis analysis is employed to perform a time study on the reaction. For
catalysts recyclability study, after each reaction cycle, the complete solution is transferred
to centrifugation tube; the gold composite particles are recollected after washing with
water by three centrifugation-redispersion cycles. The recyclability of the particles is
determined by analyzing the conversion of Rhodamine B for each reaction cycle, via
measuring the absorption intensity of Rhodamine B at the beginning and end of the

reaction using a UV-Vis spectrometer.

3.4 Characterization Techniques
Particle size distributions are analyzed by a NICOMP 380 ZLS via the dynamic
light scattering (DLS) technique. The transmission electron microscopy (TEM) images

are obtained via an environmental TEM Tecnai F20. The TEM specimen is prepared by
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placing one droplet of the solution onto TEM grids and air-drying the specimen. The
energy-dispersive X-ray spectroscopy (EDX) spectra are obtained by using the TEM’s
adjunct X-ray detector. The specimens for the scanning electron microscope (SEM) are
sputter coated with gold for 100 seconds and viewed by a SEM-XL30 (FEI). Specimens
are prepared by placing a droplet of the samples onto mica substrates and allowing them
to air-dry. An AR-G2 rheometer is used to measure the viscosity of solutions of
asymmetric particles under steady-state flow procedure, where a 25mm plate-plate
geometry is used. The UV-Vis extinction properties of the sample are analyzed via a
Cary 300 Bio UV-VIS spectrophotometer. The temperature control function is utilized to
study the temperature transition property of NIPAAm-incorporated particles. Extinction
intensity data is taken from a Cary 300 Bio UV-VIS spectrophotometer with a laser
wavelength of 639 nm. Scattering intensity data are taken from the NICOMP 380 DLS

machine with laser wavelength of 639 nm.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Core-Shell and Asymmetric Polystyrene-Gold Composite Particles via One-Step
Pickering Emulsion Polymerization.

4.1.1 Core-shell Polystyrene-Gold Composite Particles

The core-shell polystyrene-gold composite particles are successfully synthesized via
one-step Pickering emulsion polymerization. Figure 4.1a is the SEM image of the
synthesized particles with AuNP concentration 0.092 wt%. The core-shell gold composite
particles are present with diameters of 300 nm - 470 nm. The images show that the
AUNPs are covering the polystyrene substrate particle surface in an ordered hexagonal
pattern. Figure 4.1b shows the TEM image of a synthesized particle with the same AuNP
concentration. We focus the electron beam on the particle to perform EDS analysis and
the result (Figure 4.1c¢) confirms the presence of gold element. To the best of our
knowledge, it is the first time that an ordered lattice structure is formed and maintained
during Pickering emulsion polymerization. Previously, an ordered lattice structure had
only been investigated at the oil-water interfaces. Micron-sized particles like modified
polystyrene particles and silica particles are able to self-assemble at the emulsion’s oil-
water interface with a long-ranged lattice structure.****! The center-to-center distance
between adjacent particles is usually several times of the particle diameter. Here it’s
interesting to find that after the emulsion polymerization, the ordered lattice structure
maintains at the nano-scale range with short center-to-center distance (approximately 40
nm). Although multiple publications investigate the origin of this lattice structure at oil-

water interfaces, it is yet not conclusive. It has been suggested that the dominant forces
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are non-screened Columbic forces occurring at the oil-particle interface, due to surface

residual charges at the oil-particle interface, *****

other than dipole-dipole repulsion due
to asymmetric distribution of electrical double layer.**® The successful formation of
polystyrene-gold composite particles covered with nanoscale lattice structure provides a

new way of fabricating materials with advanced functionality, such as photonic crystals

and SERS substrates.
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Figure 4.1 (a) SEM images of core-shell gold-polystyrene composite particles. (b) TEM
image of core-shell gold-polystyrene composite particles. (c) Corresponding EDS

spectrum of particles in (b). Corresponding AuNP concentration is 0.092 wt%.

We perform the surface coverage study and find that the surface coverage of core-
shell polystyrene-gold composite particles is influenced by AuNP hydrophobicity and
AUNPs concentration. Two types of AUNPs have been tested here to investigate the
influence of hydrophobicity. The first type is AuNPs dispersed in organic solvent
isopropanol with Nsol (alkyl acrylate) capping agent. The second type is AuNPs with
hydrophilic capping agent, polyvinylpyrollidone (PVP). The measured zeta potential for

isopropanol-dispersible AuNPs and PVP-capped AuNPs are -25 mV and -20mV
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respectively. We compare the unwashed synthesized composite particles with different
type of AuNPs mentioned above, under the same AuNP concentration and reaction
condition. It is found that for Nsol-capped AuNPs, the polystyrene particles are covered
with AuNPs and there is no residue of unattached AuNP (Figure 4.2a). In contrast, as
shown in Figure 4.2b, the PVVP-capped AuNPs are not attached onto but around the
polystyrene core. From Figure 4.2c (left) and 2d (left), it is clearly seen that before
emulsion polymerization, the Nsol-capped AuNPs distribute in both the top styrene phase
and bottom water phase, indicating moderate hydrophobicity; whereas the PVVP-capped
AUNPs distribute mostly in the water phase, suggesting low hydrophobicity. These
results are consistent with both experimental® and theoretical study®’, where it is found
that particles with intermediate hydrophobicity require more energy to desorb from the
oil-water interface, thus producing the most stable emulsions. After polymerization
reaction, the Nsol-capped AuNPs solutions have a milky purple color, in contrast with the
milky pink color of PVP-capped AuNPs solution. The color variation might arise from
the tuned surface plasmon resonance band,*" ** (discussed in the next paragraph) as a
result of the formation of the core-shell structure (Figure 2a). This further confirms

AuNPs with intermediate hydrophobicity give enhanced AuNPs surface coverage.
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Figure 4.2 Comparison of synthesized product using different types of AuNPs. (a) SEM
image of composite particles synthesized by Nsol-capped (alkyl acrylate) AUNPs (AuNP
diameter: 20 nm). (b) SEM image of composite particles synthesized by PVVP-capped
AUNPs. (AuNP diameter: 20 nm) (c) and (d): corresponding photos for solutions before
(left) and after (right) emulsion polymerization with Nsol-capped AuNPs and PVP-
capped AuNPs respectively. AUNP concentration for both type of AuNPs are 0.092 wt%.

51



Figure 4.3 shows the effect of Nsol-capped AuNPs concentration on composite
particles’ surface coverage. In Figure 3a, each TEM figure shows representative particle
under AuNPs concentrations of 0.009 wt%, 0.019 wt%, 0.046 wt%, 0.07 wt%, and 0.092
wt%, respectively. The surface coverage is analyzed via the grain analysis function in
ImageJ®, by selecting 10 TEM images for each AuNPs concentration and taking the
averaged reduced surface coverage value. The calculation is carried out using the

following formula:

Reduced Surface Coverage = Total Grain Area (8)

Surface area of Spherical Particle

Figure 4.3 shows the reduced surface coverage is increased as AUNPs concentration is
increased. We name it “reduced surface coverage” because the upper limit for this
calculation method is 25%, due to the particle overlaying issue of the TEM images. For
the image representing the particle with AuNPs concentration of 0.092 wt%, the average
surface coverage is 20.8 %. From this coverage, we roughly estimate the center-to-center
distance between adjacent AuNPs as the length of two AuNP diameters (40 nm). The
interparticle distance is confirmed by the SEM image in Figure 4.1a. Figure 4.3b
demonstrates the influence of AuNPs surface coverage on composite particle’s SPR
properties. For the three samples with AuNPs concentration below 0.046 wt%, the
absorption spectra do not change. The peak at 530 nm belongs to distributed AuNPs on
composite particles with low coverage, and the single AUNP on asymmetric composite
particle (illustrated in next section). As AuNPs concentration further increases, separate
peaks appear at 602 nm and 705 nm for AuNPs concentration of 0.07 wt%, 0.092 wt%

respectively, indicating the tunable SPR properties due to increased AuNPs coverage as
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the non-continuous shell. As surface coverage increases, AUNPs become close-packed,
leading to enhanced electromagnetic interaction between the adjacent AuNPs; therefore,
the plasmon resonance band shifts to higher wavelength. The result is consistent with
Yong et al, where the SPR wavelength shifts from 698 nm to 931nm for polystyrene-gold
composite particles with diameter of 543 nm, as the AuNPs shell is tuned from
noncontinuous shell to continuous one.** A significant peak-broadening is shown for
peak 705 nm, attributed to aggregated gold clusters with different aspect ratios on the
composite particle’s surface.** Although it has been reported that compared to silica
nanoparticles or polymer particles, the formation of stable AuNP-stabilized emulsion is
difficult due to low AuNPs concentration (0.053 wt%) and high Hamaker constant for
gold surfaces interacting across water or polymers.*?! Here we demonstrate by utilizing
AuUNPs with intermediate hydrophobicity, the gold core-shell composite particles can be

successfully synthesized under low nanoparticle concentration.
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Figure 4.3 (a) Influence of AuNPs concentration on reduced surface coverage of core-
shell gold-polystyrene particles. The scale bar for each TEM image is 100 nm.
Corresponding AuNPs concentration is 0.009 wt%, 0.019 wt%, 0.046 wt%, 0.07 wt%,
0.092 wit%, respectively. Capping agent: Nsol (alkyl acrylate). Styrene monomer
concentration is kept as constant. (b) Corresponding UV-Vis spectra of composite

particles for Figure 4.3a.
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4.1.2 Asymmetric Polystyrene-Gold Composite Particles and Their Formation
Mechanism

During the Pickering emulsion polymerization to synthesize the desired core-shell
polystyrene-gold composite particles, an intriguing observation is that under low AuNPs
concentration (0.009 wt%, 0.019 wt%, and 0.046 wt%, Nsol AuNPs are utilized here),
asymmetric polystyrene-gold nanocomposite particles are simultaneously formed, as
shown in Figures 4.4 and 4.5. Figure 4.4a is the TEM image of the synthesized particles
under AuNPs concentration of 0.046 wt%. In addition to the core-shell composite
particles pictured in Figure 4.4a, the asymmetric particles are present in which only one
AUNP covers each polystyrene microparticle. The DLS result in Figure 4.4b shows a
bimodal distribution where two peaks are present located at 180 nm and 460 nm,
representing asymmetric composite particles and core-shell composite particles
respectively. The DLS result shows the asymmetric composite particles have a number-
weighted percentage of 75%, and core-shell composite particles have a number-weighted
percentage of 25%. As shown in Figures 4.5a and 4.5b, the asymmetric particles have a
uniform size distribution. In Figure 4.5c, curve 1 represents pure asymmetric gold
composite particles after filtration. The absorbance wavelength of 530 nm for asymmetric

particles is approximately the same with pure AuNPs (curve 2).
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Figure 4.4 (a) TEM of the bimodal size distribution of polystyrene-gold composite
particles. (b) DLS of the bimodal size distribution of polystyrene-gold composite

particles. Corresponding AuNPs concentration is 0.046 wt%.
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Figure 4.5 (a) TEM images of the asymmetric gold-polystyrene particles. (b) SEM
images of the asymmetric gold-polystyrene particles. Corresponding AuNPs
concentration is 0.009 wt%. (c) UV-Vis spectra of asymmetric particles (curve 1) and

pure gold nanoparticles (curve 2).
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Figure 4.6 Schematic illustration of formation of core-shell structured and asymmetric

polystyrene-gold composite particles via Pickering emulsion polymerization.

In order to explore the formation mechanism of the asymmetric polystyrene-gold
composite particles, a time study is conducted in which we sample the reaction batch at
0.5 hour, 1 hour, and then collect the final 4 hour reaction product. For the 0.5 and 1 hour
reaction samples, small particles are found where the AuNPs serve as the seeds, allowing
styrene monomers/oligomers to continue to grow on the seeds (Figure 4.7). No core-shell
particle with large sizes is found in these early stages. The particle’s asymmetric structure
is similar to what has been found by Ohnuma et al, where polystyrene-gold composite
particles are synthesized via precipitation polymerization with the aid of cross-linker.””
148 A seeded-growth formation mechanism is also found during their synthesis. For the
synthesis chemistry, they find the seeded-growth could not take place since polystyrene

oligomers could not replace the original stabilizing ligands on AuNPs if the stabilizing

57




ligand has a strong binding to the AuNP surface (such as ligand with thiol group).
Therefore it is likely that for the synthesized asymmetric particles, a moderate chemical
binding causes polystyrene to grow on the AuNP surface. Several publications
demonstrate a moderate interaction between aromatic rings and AuNP surface.? ">
Miyamura et al find that polystyrene ligands could serve as stabilizing reagent to avoid
aggregation of AuNP clusters. Kumar et al suggests the reduction of « electrons clouds
density of aromatic rings will result in negligible binding of the substituted benzenes with
AUNP surface. Therefore it is possible that during the seeded-growth formation of
asymmetric particles, styrene monomers/oligomers dispersed in water phase are able to
provide 7 electrons from aromatic rings to interact with AuNPs in water phase. Currently,
the AuNP surface modification is mostly based on thiol-Au interaction;**” here we
demonstrate an alternative route of AuNP surface modification. Asymmetric composite
particles are capable of meeting the rising demand of fabricating advanced building

blocks for functional materials, with the potential applications in self-assembly,**%

opto-
electronics,” etc. For example, if the asymmetric particles are synthesized with
anisotropic distribution of electric charges, the particles can self-assemble into an

electric-field-oriented pattern under a given electric field.
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Figure 4.7 Formation mechanism of asymmetric particles: seeded growth. (a) Proposed
seeded growth mechanism. (b) TEM images of particles sampled at reaction time of 0.5

hour, 1 hour, 4 hours, respectively.

59



4.1.3 Catalytic Study of Polystyrene-Gold Composite Particles

Compared to pure metallic nanoparticles, the primary role of composite particles is
to reduce the nanoparticle agglomeration problem and increase particle recyclability. For
pure AuNPs, the nanoparticles tend to agglomerate, leading to decreased catalyst activity
and recyclability with short shelf lifetime.®> Here we utilize a redox reaction of
Rhodamine B as the model reaction to investigate the particle’s catalytic performance.
Results show that both core-shell and asymmetric polystyrene-gold composite particles
successfully catalyze the redox reaction of Rhodamine B reduced by NaBH,. Figure 4.8
is UV-Vis spectra of time study on redox reaction and the peak located at 552 nm belongs
to Rhodamine B. As reaction time increases, the absorbance intensity decreased, and
finally vanishes after 9 mins. The inset pictures show the pink color diminishes after the
catalytic reaction finished. The vanishing of solution color indicates the Rhodamine B
successfully reduces to its lueco form via hydrogenation, as has been studied in detail in
previous publications.**® A control experiment is conducted where the reaction solution is
without polystyrene-gold composite particles. Even under excess amount of reductant
NaBH, the color remains unchanged for 24 hours test period. The AuNPs on the
polystyrene core are believed to serve as electron relay for oxidant Rhodamine B and
reductant NaBH,, such that NaBH, donates electrons to AuNPs and Rhodamine B
captures electrons from AuNPs.***** In addition, the performance of asymmetric
particles and pure AuNPs under the same AuNPs concentration and reaction condition
are tested (Figure 4.9). The absorption intensity of Rhodamine B reduces to zero after 20
minutes and 1.1 minutes for asymmetric particles and pure AuNPs respectively.
Compared with pure AuNPs, the reduced catalytic activity is possibly due to the
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restriction of the AUNP geometry. It has been reported that polymers™ and molecules
with bulky group™? attached on catalyst surface could give steric hindrance to reduce the

accessibility of functioning catalytic surface to the reacting molecules.
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Figure 4.8 Time study on UV-Vis absorbance of Rhodamine B under redox reaction
catalyzed by core-shell polystyrene-gold composite particles catalysts. Inset photos are

taken before reaction (left) and after reaction (right) respectively.
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Figure 4.9 Comparison of the reaction time for three types of AuUNPs. Reaction condition:
[RhB] = 410 mol/L, [NaBH,] =5>10% mol/L, concentration of the three types of
AuNPs particles are kept at 9.2x10 wt %.

Figure 4.10 is the recyclability study of core-shell particles, asymmetric particles
and pure AuNPs. Both the core-shell particles and asymmetric particles have maintained

80% conversion after 5 cycles, indicating good catalyst reusability. The slight loss of
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conversion is possibly due to catalysts deactivation™" as several cycles have repeated. For
pure AuNPs, we find recycling is difficult; the conversion is lowered to 40% after 5
reaction cycles. The significant loss of conversion is likely due to AuNPs agglomeration,
evidenced from the TEM images (Figure 4.11), the agglomeration problem increases with
repeating cycles. At the 5th reaction cycle, particles agglomerate into bulk. The
significant reduction of AuNPs functioning area leads to the loss of recyclability. For
core-shell and asymmetric composite particles, no significant AUNP leaching problem
has been observed from TEM. In addition, we conduct the control experiment to test
whether the remaining solution after recollecting the particles can catalyze the reaction.
From UV Vis measurement we find that for different reaction cycles, the redox reaction
cannot proceed. From DLS measurement, no small size particle (20 nm) could be
detected from the remaining solution, indicating AuNPs are stably anchored on the

composite particle surface.

62



—a— Core-Shell Particles
—e— Asymmetric Particles

1004 —a— Pure AuNPs

90

80

70

60 +

50

Conversion (%)

40 -

30+

T e T " T

Cycles

Figure 4.10 Catalysts recyclability study: comparison of the final conversion of RhB for

core-shell particles, asymmetric particles and pure AuNPs.

Figure 4.11 TEM images of pure AuNPs recollected after (a) 3rd reaction cycle and (b)
5th reaction cycle for particle recyclability study.
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4.2 Thermo-responsiveness and Optical Properties of Asymmetric
Polystyrene/PNIPAmM-Gold Composite Particles.

4.2.1 Bimodal Size Distribution of Polystyrene/PNIPAm-gold Composite Particles

We successfully synthesize polystyrene/PNIPAmM-gold composite particles with a
bimodal size distribution. (Figure 4.12) Figure 4.13a is the TEM images of core-shell
structured and asymmetric composite particles. Figure 4.13b is the bimodal size
distribution of synthesized particles measured by DLS. The core-shell structured
composite particles have randomly distributed AuNPs on the surface; the asymmetric
particles have a single AuNP attached on each polystyrene-PNIPAm substrate core.
Figure 4.13c and 13d show both core-shell and asymmetric composite particles have a
relatively uniform size distribution. The DLS result is consistent with the TEM image, in
which the core-shell and asymmetric composite particles have average diameters of 440
nm and 230 nm, respectively; the number-weighted percentage of core-shell and
asymmetric composite particles are 26% and 74% respectively. In Figure 4.13e and 4.13f,
the EDX spectra show that the representive peak for the element nitrogen is present as the
electron beam is focusing on the particle whereas the nitrogen peak does not exist as the
beam is focused on the blank area. This indicates that PNIPAm is successfully
incorporated into the composite particles. The core-shell polystyrene/PNIPAmM-gold
composite particles are formed via polymerization of AuNPs stabilized Pickering
emulsion; in contrast, the asymmetric composite particles are formed via seeded-growth
mechanism, in which styrene monomers/oligomers dispersed in water phase are able to

provide & electrons from aromatic rings to form a stable binding with AuNP surface.
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Figure 4.12 Scheme of core-shell and asymmetric polystyrene/PNIPAm-gold composite

particles formation via Pickering emulsion polymerization.

(a)

i

—
200 nm

(b)

Distribution

=]
»

@ @
o ® o

@ @
o N

Number-Weighted Size Distribution

¢« @

600 8001000

200 400
Diameter (nm)

(d)

(EZSO

.0 0.2 0.4 0.6

Energy (keV)

N

500 ni 50

0.4 0.6

Energy (keV)

0.2

Figure 4.13 Bimodal size distribution of polystyrene/PNIPAmM-gold composite particles.
(a) is the TEM image of bimodal-sized polystyrene/PNIPAmM-gold composite particles. (b)
is the number-weighted size distribution from the DLS measurement. (c) and (d) are the

filtrated core-shell composite particles and filtrated asymmetric particles respectively. (e)

and (f) represent EDS analysis focused on the asymmetric particles and blank area

respectively in image (d).
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4.2.2 Thermo-responsiveness of Polystyrene/PNIPAmM-Gold Composite Particles

The thermo-responsiveness of core-shell and asymmetric polystyrene/PNIPAm-gold
composite particles is investigated via DLS analysis with a temperature control function.
Particle size is measured over a temperature range of 23 <C - 40 <C. In Figure 4.14a and
4.14b, both the core-shell and asymmetric composite particles exhibit a trend where size
decreases with increasing temperature. For batches with NIPAAm content of 33% and
50%, the LCST is determined as 31 <C for core-shell and asymmetric particles, by taking
the derivative of each curve. For batches with NIPAAm content of 71% and 83% (results
are shown in Figure 4a), the LCST remains 31 <C. This indicates the influence of
copolymerization with styrene to LCST variation is small. The result is consistent with
previous results found in our group, where the LCST of polystyrene/PNIPAm-silica
composite particles synthesized via the same approach are not affected by
copolymerization of styrene.”® A possible explanation is that phase separation inside the
core particles exists between polystyrene and PNIPAmM polymers. Duracher et al propose
that phase separation exists inside particles that contain a PNIPAm-rich core and
polystyrene-rich shell.*®

Figure 4.14c summarizes the comparison of the shrinking ratio between core-shell
and asymmetric composite particles based on Figure 4.14a and b (The shrinking ratio is
the ratio of particle diameter at a given temperature to particle diameter at 40 <C). Under
the same NIPAAmM content (33 wt% and 50 wt%), the core-shell composite particles have
a small shrinking ratios of 1.07 and 1.14; the asymmetric particles have a larger shrinking
ratios of 1.22 and 1.41 for NIPAAm content of 33 wt% and 50 wt% respectively. The
difference in shrinking ratio between core-shell and asymmetric particles is likely due to
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different formation mechanisms. The emulsion polymerization takes place in the styrene
phase, whereas the seeded-growth for asymmetric particles takes place in the water phase,
where the majority of NIPAAm monomers are present. Therefore, NIPAAm monomers
are more likely to participate in seeded growth copolymerization for asymmetric particles.

The thermo-responsiveness of asymmetric particles could be enhanced as we further
increase the NIPAAm content. Figure 4.15 is a summary of the thermo-responsiveness of
asymmetric composite particles for different NIPAAm concentrations. As the NIPAAm
content increases, the size of the asymmetric particles is increased at 25 <C; above the
LCST, particles undergo more significant size decrease with an increase in the NIPAAmM
content. At the NIPAAmM content of 83 wt%, particles have a size decrease from 1,180
nm to 237 nm (80% size decrease). The significant shrinking ability of PNIPAm-included
particles could be visually observed in TEM images of asymmetric particles with
different PNIPAm content (Figure 4.15c). Images are taken via environmental TEM,
which allows the sample to be analyzed even with a trace amount of water present in the
sample. For particles with 71 wt% PNIPAm, clear shrinking trails appear underneath the
particles. For particles with 83 wt% PNIPAmM, particles have lost their spherical shape
and are accompanied by comet-like tails due to shrinking. These indicate that as the
PNIPAmM content increases, particles become more flexible and deformable; as the
electron beam hits the particles in the TEM column, the particles’ temperature increases
beyond the LCST, repelling the remaining water and shrinking from their original
structure.

It should be noted that compared with the microgel synthesis with the aid of cross

28, 153-154

linker, the composite particles here are synthesized via cross-linker-free Pickering
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emulsion polymerization and have shown a higher size-decrease percentage. To
investigate the influence of a cross linker, we applied MBA as cross linker for synthesis
under the same reaction condition with NIPAAm content of 83 wt%. It is clearly seen
that the influence of cross linkers is significant, where particles undergo only 27.6% size
decrease, a much smaller size decrease percentage compared to the 80% diameter
decrease of the counterpart without cross-linkers (Figure 4.16). This result is consistent
with previous work, suggesting that cross-linkers restrict particles’ flexibility to
swell/shrink.™>***° Figure 4.17 shows viscosity measurements of asymmetric composite
particles suspensions with a particle concentration of 3 wt%. Shear thinning characteristic
are shown for both samples with NIPAAm content of 83 wt% (Figure 4.17a) and 71 wt%
(Figure 4.17b). For batches with 83 wt% NIPAAmM content, as temperature increases
from 20 <C to 40 T, the viscosity undergoes an average of 8.6 times decrease over the
shear rate range of 10 s™ - 40 s™*. The same viscosity decrease trend is shown for batches
with 71 wt% NIPAAmM content, where the viscosity decreases approximately 3.5 times
over the shear rate range of 10 s - 40 s™%. As the particles undergo large size decrease,

the volume fraction decreases significantly, leading to the solution’s viscosity decrease.
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Figure 4.14 (a) (b) represent DLS result of core-shell and asymmetric

polystyrene/PNIPAmM-gold composite particles respectively. (¢) Comparison of shrinking
ratio between core-shell and asymmetric polystyrene/PNIPAm-gold composite particles
with NIPAAm content of 33 wt% and 50 wt%. The shrinking ratio is the ratio of particle

diameter at a given temperature to particle diameter at 40 C
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Figure 4.16 Influence of a cross-linker on thermo-responsiveness. Comparison of thermo-
responsiveness of asymmetric polystyrene/PNIPAm-gold composite particles synthesized
with 5% MBA and without MBA. NIPAAmM content for both types of particles is 83 wt%.
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Figure 4.17 Viscosity measurement of asymmetric polystyrene-NIPAAm-gold composite
particles suspension with NIPAAm content of 83 wt% (a) and 71 wt% (b) under 20 T and
40 <C. Particle concentration for (a) and (b) is kept at 3 wt%.
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4.2.3 Tunable Optical Properties of Asymmetric Polystyrene/PNIPAmM-Gold Composite
Particles

Due to the thermo-responsiveness of the PNIPAm, the optical properties of
asymmetric particles are found to be tunable by adjusting the temperature. For the core-
shell structured particles, we find that the thermo-responsiveness is not sufficient to give
a considerable size variation; therefore, no obvious optical change is observed. Particles
with large variation in scattering intensity could be directly utilized as signals for
intensity-based optical sensors,'?* leading to great potential for bio-imaging and bio-
sensing, as well as thermo-responsive optics. Light intensity is also an important factor
for photo-catalytic reactions.”*™*” By controlling the photo-catalytic reaction’s light
intensity, the reaction rate could be adjusted. Figure 4.18 shows that the extinction and
scattering intensities of the asymmetric particles are sensitive to temperature. It should be
noted that the extinction intensity measured from the UV-Vis spectrometer includes
absorbing and scattering light intensities,"® where the scattering light becomes dominant
as the temperature increases above the LCST. The dramatic extinction/scattering intensity
increase starts at PNIPAm’s LCST of 31°C, as shown in Figure 4.18a. The extinction
intensity at 40 T is ~12 times that at 20 <C; the scattering intensity at 40T is ~7 times
that at 20 <C. Figure 4.18b shows the comparison between the sample at 20 <C (control
vial left) and 40<C (heated vial right). The sample changes from clear pink color to milky
pink with increasing brightness and turbidity, indicating a significant increase of
scattering intensity. An air bubble is located at the bottom of vial at 20 <C; however, it
does not influence observation. In Figure 4.18c, we report that the increase of
extinction/scattering intensity is affected by the NIPAAm content. For the sample without
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NIPAAmM, the extinction/scattering intensity remains unchanged as temperature increases;
this indicates the significant increase of extinction/scattering intensity is due to the
presence of PNIPAmM which causes the large size decrease of the asymmetric particles.
This significant intensity change is attributed to the refractive index change of the
PNIPAm-containing core particles. Below the LCST, the polymer backbone is stretched
and the particles are swollen with up to 97% water, with refractive index matching the
surrounding water phase.*® %1% As temperature increases above the LCST, the
PNIPAmM backbone collapses with inter-chain clustering, and the particles repel most of
the water, undergoing a significant shrinking in diameter from 1180 nm to 237 nm (80%
size decrease percentage). The particle density and refractive index increase significantly,
leading to a large refractive index contrast between the particles and the water phase.

From a recent ellipsometry study,*® %

the refractive index of PNIPAmM microgels
increases from 1.34 to 1.40, for a relatively small size decrease (30% - 50% diameter
decrease percentage). This large refractive index contrast is responsible for the extinction
and scattering intensity increase, as predicted by Mie theory.?® " Figure 4.18d is the
reusability study of particles’ switchable optical properties. The significant extinction and
scattering intensity increase is completely reversible as the sample undergo three cycles
between 20 <C and 40 <C, indicating their good reusability for sensing applications. For
gold-PNIPAmM particles, investigations have mainly focused on adjusting the SPR

29, 31,119 and

absorption properties of AuNPs via tuning the inter-particle distance
refractive index of the AuNP’s surrounding medium.??**>* However, tuning or utilizing
the particle’s scattering intensity remains less-explored. light intensity is a key factor for

optical devices and could be utilized as signals for intensity-based optical sensors, which
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is potentially the simplest optical sensor*?*. For example, particles with switchable
scattering intensity could be utilized in thermal sensor, in which the thermo-responsive
scattering intensity serves as signals. Aslan et al. developed a wavelength-ratiometric
resonance light scattering technique for glucose sensing based on AuNPs aggregation and
dissociation. Instead of absorption signals, the plasmon resonance scattering signals of
AuNPs are analyzed for glucose sensing."®® In addition, the switchable light intensity
properties provide potential applications in photo-catalytic reactions, considering light

intensity is an important factor for such reactions.*****’
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Figure 4.18 Thermal responsiveness of extinction and scattering intensity. (a) Extinction
and scattering intensity at different temperatures with NIPAAm content of 83 wt%. The
laser wavelength for the extinction/scattering intensity measurement is kept at 639 nm. (b)
Photos of asymmetric particle sample at 20 <C and 40 <C. (c) Effect of different

NIPAAmM content on extinction/scattering intensity increase ratio. (d) reusability study of

asymmetric polystyrene/NIPAAm-gold composite particles.

Other than the change of refractive index contrast between PNIPAm-containing core
particles and surrounding water, the change of local refractive index of PNIPAm that
surrounds AuNP leads to variation of AuNP’s SPR properties. Figure 4.19a is the
normalized extinction spectra of asymmetric particles with 83 wt% NIPAAm at 20 C
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and 40 <C. The representative peak of 20 nm AuNPs at 520 nm is not distinguishable at
20 <C. At 40 T, the representative peak is shown with the peak broadening and shifting
to 527 nm. As temperature increases above the LCST, the local refractive index of
PNIPAmM substrate around AuNPs is increased, as the PNIPAm substrate covering around
the AuNPs collapses and becomes denser.?® *>* The slight red-shift of the SPR band is
consistent with theoretical?” and other experimental® results. Tagliazucchi et al. conclude
from the theoretical results that the shift caused by the local refractive index change is of
the order of several nanometers (<10 nm). The variation of the extinction spectrum is
reversible as it undergoes several heating-cooling cycles. In addition, the PNIPAm
content is found to influence the absorption properties of the asymmetric particles. Figure
4.19b and 4.19c show the absorption spectra of asymmetric particles with different
NIPAAm content at 20 <T and 40T respectively. It is shown in Figure 4.19b, with
decreasing NIPAAM content, the representive peak becomes more distinguishable and
shifts to 530 nm. It has been reported that at 20 <C, the refractive index of polystyrene
particle is 1.58,"°? compared with 1.34 for PNIPAm particles (quite close to that of water:
1.33 at 20 C). At 40 T, the refractive index of PNIPAm increases, resulting in a slight
plasmon band shifting to 527 nm. This extinction spectra result further supports that the
variation of refractive index of the substrate gives rise to the change of SPR properties of

the asymmetric particles.
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Figure 4.19 (a) Normalized extinction spectra of asymmetric particles synthesized under
NIPAAm content of 83 wt% at 20 <C and 40 <C. The arrow represents the variation trend
of plots from 20 <C to 40 <C. (b) and (c) are normalized extinction spectra of pure AUNPs
and asymmetric particles with different NIPAAm-styrene feed ratio at 20 <C and 40 <C,

respectively. The arrow in (b) represents variation trend of plots from 83wt% NIPAAM
content to 0% NIPAAmM content.
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4.3 Multipetal-shaped and Dumbbell-shaped Gold-Polymer Composite Particles
with Modulatable Catalytic Activity.

4.3.1 Multipetal-Shaped and Dumbell-Shaped Gold-Polystyrene Composite Particles.
Multipetal-structured and dumbbell-structured gold-polystyrene composite particles
are successfully synthesized via seeded emulsion polymerization. Figure 4.20 shows the
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
images of synthesized particle sample with 125 nm AuNPs after 1 hour (hr) ((a) and (b),
tetrapetal structure) and with 80 nm AuNPs after 1 hour ((c) and (d), tripetal structure), 4
hrs reaction time ((e) and (f), dumbbell-structure) respectively. In Figures 4.20a and
4.20b, each AuNP center is surrounded with 3-5 polystyrene “petals” in non-specific
direction, showing a flower-like structure. Similar results are shown in Figure 4.20c and
4.20d. Close observation shows most petals of multipetal-structured particles are
distributed in three dimensions. TEM and SEM images in Figure 1e and 1f show that the
synthesized particles have dumbbell structure. It is intriguing to find that for most of the
dumbbell-structured particles, the two polystyrene petals are aligned with near-perfect
180<angle. The observed particle sizes of multipetal-structured and dumbbell-structured
composite particles from TEM images match well with dynamic light scattering (DLS)
results (362 nm, 324 nm and 563 nm for tetrapetal-structured, tripetal-structured and
dumbbell-structured composite particles respectively). To the best of our knowledge,
utilization of AuNP for synthesis of multipetal-structured gold-polystyrene composite
particles is first reported here. Previously, utilization of silica nanoparticle for synthesis
of multipetal-structured silica-polystyrene composite particles are reported by Reculusa

et al, where 170 nm silica nanoparticles serve as seeds for seeded emulsion
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polymerization.” The multipetal-structured and dumbbell-structured gold-polystyrene
composite particles could potentially serve as building blocks for advanced hierarchical

and supra-colloidal materials.

(a)

100 nm

100 nm

Figure 4.20 TEM and SEM images of multipetal-structured and dumbbell-structured
gold-polystyrene composite particles. (a)(b) Particles with tetrapetal structure. (particles
synthesized with 125 nm AuNPs, 1 hr reaction time). (c)(d) Tripetal-structured particles.
(particles synthesized with 80 nm AuNPs, 1 hr reaction time). (e)(f) Dumbbell-structured
particles. (particles synthesized with 80 nm AuNPs, 4 hrs reaction time)
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4.3.2 Effect of Reaction Time on Particle Morphology

The morphology of gold-polystyrene composite particles is found to be controlled by
reaction time. Figure 4.21 is the TEM images of particles sampled at different reaction
time (1hr, 2 hrs, 4 hr). The morphology of particles gradually changes from multipetal
shape to dumbbell shape for 1 hr, 2 hrs and 4 hrs sample. For 1 hr sample, each AuNP
center is surrounded with an average of 2.9 polystyrene petals with diameter of ca. 80 nm
(the counting and calculation of number of petals on each AuNP center is based on 10
TEM images for each sample). For 2 hrs sample, the polystyrene petals are growing
larger; more than a half of particles are dumbbell-shaped particles. For 4 hrs sample, we
find nearly all the composite particles are dumbbell-shaped; in addition, we observe
many bare polystyrene particles with the same size of polystyrene petals. It is reasonable
to propose that the morphology change is due to that as reaction proceeds, the growing of
polystyrene petals gives more steric hindrance; this causes the polystyrene petals to drop
off the AuNP center, and eventually, the dumbbell-shaped particles are formed with 180
angle of petal distribution for the most kinetic preference.

The same trend is shown in Figure 4.21 d-f for 125 nm AuNP composite particle
system. The average number of polystyrene petals on each AuUNP center gradually
decreases from 3.9, 2.8, to 1.9 for 1hr, 2 hr and 4 hr sample, with the morphology change
from multipetal shape to dumbbell shape. An increasing number of bare polystyrene
particles are also observed as we investigate from 1hr sample, 2 hr sample to 4 hr sample.
This confirms that the morphology change is due to increased steric hindrance of growing

polystyrene petals, leading to petals’ dropping off from the AuNP center. Again, we find
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nearly all the composite particles are dumbbell-shaped particles with 180 <angle of petal

distribution due to kinetic preference.

1hr

2 hrs

4 hrs

Figure 4.21 TEM images of gold-polystyrene composite particles sampling after different
reaction time (1hr, 2 hr, 4 hr) (a)(b)(c) are samples synthesized with 80 nm AuNP,
(d)(e)(f) are samples synthesized with 125 nm AuNP.
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From tetra-petal, tri-petal composite particles to dumbbell-shaped composite particle,
these composite particles show distributed bonding between AuNP center and
polystyrene petals. These particles show similarity with hybridized atomic orbitals
including sp®, sp?, and sp. This triggers an idea of designing and fabricating advanced
materials with three-dimensional structures in the colloidal domain, mimicking molecule
assembly in atomic domain. Currently, fabricating three-dimensional advanced materials
is hard, due to the lack of directional bonding. Previously, Pine’s group reports
polystyrene micro-clusters functionalized with DNA patches.'?® The complementary
DNA patches show high affinity to each other, allowing particles to self-assemble into
supra-colloidal particles with specific directional bonding, which imitates hybridized
atomic orbitals. Inspired from their method, here the multipetal-shaped and dumbbell-
shaped colloidal particles with directional bonding might provide possibility of

fabricating three-dimensional advanced materials.

4.3.3 Effect of AuNP size on Particle Morphology

Figure 4.22 shows the influence of AuNP size on particle morphology. Figure 4.22
compares the number of polystyrene petals on each AuNP center between 80 nm AuNPs
system and 125 nm AuNPs system from 1hr to 4 hrs reaction time. At the early stage of
the reaction, it is shown that as the diameter of AuUNP increases, the number of
polystyrene petals on each AuNP increases. This is because AuNPs with larger size
provide more sites for seeded-growing polystyrene petals and reduce the possibility of
petals’ dropping caused by steric hindrance. For 1 hr sample of 125 nm AuNP system, we
even observe a small amount (<5%) of AuNPs attached by 6 polystyrene petals, as shown
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in Figure 4.22b,c. At the final stage of reaction, Figure 4.22a shows for both 125 nm
AUNPs system and 80 nm AuNPs system, the number of polystyrene petals on each
AUNP finally decreases to 2 showing dumbbell morphology after 4 hrs reaction time. The
number of polystyrene petals on each AuNP center is less influenced by AuNP size; this
indicates as polystyrene petals grow larger, steric hindrance gives more influence than

AUNP size.
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Figure 4.22 Influence of AuNP size on particle morphology. (a) Comparison of number
of polystyrene petals on a single AuNPs between 80 nm AuNP system and 125 nm AuNP
system. The counting and calculation of number of petals on each AuNP center is based
on 10 TEM images for each sample. (b) multipetal-shaped gold-polystyrene particle with
125 nm AuNPs, where 6 polystyrene petals attach on a single AuNP.

4.3.4 Formation Mechanism of Multipetal-shaped and Dumbbell-shaped Gold-
Polystyrene Composite Particles.

In order to find the formation mechanism, we perform a time study of the reaction
product, sampling at 15 min, 45 min and 1.5 hrs during the reaction. Figure 4.23 is the
TEM images of the sample at the early stage of the reaction. It is found that polystyrene
monomers/oligomers are growing on the surface of AuNP surface. At 15 mins, three
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small petals are observed on AuNP surface. As time increase to 45 mins and 1.5 hrs,
polystyrene petals grow bigger and a spherical shape is formed. This phenomenon is
similar to what we find in our previous study about the formation mechanism of
asymmetric gold-polystyrene particles.’®"* Therefore, the seeded growth formation
mechanism is proposed. It is possible that during the seeded-growth formation, styrene
monomers/oligomers dispersed in water phase are able to provide = electrons from

aromatic rings to interact with AuNPs in water phase.” '®®
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Figure 4.23 Illustration of formation pathway of (a) multipetal-shaped and dumbbell-
shaped gold-polystyrene composite particles and (b) seeded growth formation mechanism

of multipetal-shaped gold-polystyrene composite particles.

Figure 4.23a shows the illustration of formation of gold-polystyrene multipetal-shaped
and dumbbell-shaped particles. It is very interesting to note that the multipetal-shaped
and dumbbell-shaped particles are found by accident, as we investigate the influence of
AUNP size on Pickering emulsion (emulsions stabilized by AuNPs) stability under
emulsion polymerization. Our previous reports demonstrate the formation of core-shell
structured gold-polystyrene composite particles, utilizing 20 nm AuNPs as emulsion
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stabilizers for Pickering emulsion polymerization; as the AuNP size is increased from 20
nm to 80 nm and 125 nm, to our surprise, the expected core-shell structured gold-
polystyrene composite particles are not found via TEM and DLS results. This indicates
the size of particle stabilizer possibly influences the stability of emulsions, as AUNPs
with larger size tend to destroy the emulsions. This result is consistent with experimental
results found by Binks and Lumsdon et al suggesting that particles with bigger size tend
to have less emulsion stability.'®> Also, Tambe et al studied the effect of particle size on
emulsion stability utilizing alumina particles on decane-water system. They found the
larger particles (47 pm) could not stabilize the emulsions, whereas smaller particles (4

pm) are able to stabilize them.®

4.3.5 Thermo-responsiveness of Dumbbell-Structured Gold-PNIPAm/polystyrene
Composite Particles

Previously in our group, we have successfully incorporated thermo-responsive
PNIPAm polymers for synthesis of asymmetric thermo-responsive gold-
PNIPAm/polystyrene composite particles via seeded emulsion polymerization. Here we
show the successful incorporation of PNIPAm for synthesis of the dumbbell-structured
gold-PNIPAmM/polystyrene composite particles via seeded emulsion polymerization with
significant thermo-responsiveness. It is found the dumbbell-structured particles are
formed in both 4 hrs samples with 83 wt% and 91 wt% NIPAAmM content, consistent with
previous results of non-PNIPAm incorporated gold-polystyrene composite particles.
Figure 4.24 shows the thermo-responsiveness and morphology of dumbbell-structured
gold-PNIPAm/polystyrene composite particles with different NIPAAm content (image of
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4 hrs samples with 91 wt% NIPAAm content are shown in Figure 4.25). By the
comparison of the TEM images, it is clearly observed that the addition of PNIPAm into
particle petals result in “softness” and deformability of the petals. In TEM microscope,
these PNIPAm-incorporated particles are already dehydrated and shrunk, as TEM
samples are placed in vacuum environment and are further heated by electron beam. An
important thing to notice is that as shown in TEM images, compared to particles without
PNIPAmM incorporation, the PNIPAm-polystyrene petals cover most of AuNP surface
(also evidenced in Figure 4.25, TEM image of 4 hrs samples with 83 wt % and 91 wt%
NIPAAm content). This full coverage of AuNP surface by PNIPAm petals helps to
achieve modulatable catalytic activity of the composite particles, as will be discussed in
next section.

In Figure 4.24, the DLS results show the size variation around LCST of 31 <C.
Particles with 83 wt% NIPAAm content has a size decrease from 1080 nm (25 <C) to 480
nm (40 C) in diameter (55.6 % diameter decrease percentage); particles with 91 wt%
NIPAAm content has a size decrease from 1780 nm (25 <C) to 510 nm (40 <C) in
diameter (71.3 % diameter decrease percentage). The results suggest the composite
particles’ thermo-responsiveness increases with increased NIPAAm content. For 91 wt%
PNIPAmM content dumbbell-shaped gold-PNIPAmM/polystyrene composite particles, the 71%
size decrease percentage is significant; in comparison, the size variation of other reported
thermo-responsive PNIPAm particles are mainly less than 60 9.2 119 155 160

In addition, 1 hr sample of the composite particles with 83 wt% and 91 wt%
NIPAAm content are analyzed.(see Figure 4.25) The DLS results show the composite

particles with 83 wt% and 91 wt% NIPAAm content have size of 320 nm and 400 nm,
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respectively, and the size does not change with temperature variation around LCST. Also,
from the TEM images of 1 hr samples, no deformation of petals is observed compared to
4 hrs sample. The fact that no thermo-responsiveness in the early stage of the reaction
possibly indicates PNIPAm polymers are participating the copolymerization within the
composite particles after polystyrene’s seeded growth stage. This is supported by
formation chemistry that it is aromatic rings provided by styrene monomers/oligomers

dispersed in water phase that interact with the surface of AuNPs.?® 3

88



—=— 91 wt% PNIPAm
—e— 83 wt% PNIPAm
20004 | —a NoPNIPAm ~

1800

1600

1400 A —
. 100 nm

1200 No PNIPAmM 83 wt% PNIPAmM

1000 +
800 -

Diameter (nm)

600 +
400 +

T Y T Y T T T 1 T Y T L) T ! T x T ! 1
24 26 28 30 32 34 36 38 40 42
Temperature (°C)

Figure 4.24 Thermo-responsiveness of dumbbell-shaped gold-polymer composite
particles with different PNIPAm content. DLS results show relationship between particle
size and temperature for particles with 83 wt% and 91 wt% PNIPAm content. Inset TEM
images show morphology comparisons between dumbbell-shaped gold-polymer
composite particles without PNIPAm content (left) and with 83 wt% PNIPAm content
(right).
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83 wt% PNIPAmM 91 wt% PNIPAmM

1hr

Figure 4.25 TEM images of gold-PNIPAm/polystyrene composite particles with 83 wt%
(left) and 91 wit% (right) PNIPAm content, respectively. Samples are taken after 1hr and

4 hrs reaction time.
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4.3.6 Modulatable Catalytic Activity of Dumbbell-shaped Gold-PNIPAm/polystyrene
Composite Particles

Currently, for polymer-gold/silver composite particles, much research efforts utilizing
the size variation ability of PNIPAm polymers are focused on tuning optical properties of
particles.?® %1% |n our previous work, PNIPAm-gold composite particles with
asymmetric structure demonstrate to switch scattering intensity significantly due to the

thermo-responsiveness of PNIPAm polymer.**

However, the PNIPAm’s ability to
modulate catalytic activity of noble metals is seldom-reported. Here, we demonstrate the
catalytic activity of dumbbell-shaped gold-PNIPAmM/polystyrene composite particles is
found to be modulatable around the LCST of 31 <C. A redox reaction of Rhodamine B
(RhB) is applied as the model reaction to investigate the particle’s catalytic performance.
In this reaction, under the catalysis of dumbbell-shaped gold-PNIPAmM/polystyrene
composite particles, RhB is reduced by NaBH, to its lueco form via hydrogenation with
its pink color changed to transparent. Figure 4.26 shows the UV-Vis results of this
reaction. In Figure 4.26a, the RhB peak at 552 nm gradually decreases, and disappears as
reaction finishes. Figure 4.26b and 4.26¢ show the relationship between reaction
temperature and reaction rate for particles with 83 wt% NIPAAm content and 91 wt%
NIPAAm content (The reaction time is counted from the addition of particle catalysts to
the point where the RhB peak at 552 nm disappears completely). For both particles with
83 wt% NIPAAM content and 91 wt% NIPAAmM content, instead of linear increase of the
reaction speed with increased temperature, the reaction speed decreases starting at 29 <C
and remain stable until further increase after 35 <C. Figure 4.26e shows the comparison

of catalyst activity decrease between 83 wt% and 91 wt% NIPAAmM content dumbbell-
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shaped composite particles, the particles with 83 wt% NIPAAm content have a 12 %
activity decrease, smaller than 18% for particles 91 wt% NIPAAm content. This indicates
the thermo-responsive PNIPAmM polymers are responsible for catalyst activity decrease.
In contrast, we find for dumbbell-shaped polystyrene-gold composite particles without
NIPAAmM incorporation, the reaction speed increases linearly with temperature (Figure
4.26d). This indicates a modulated catalytic activity around LCST of 31 <C, as a result of
PNIPAm’s thermo-responsiveness. This modulatable catalytic property presents a
concept of automatically controlling reaction speed, providing potential applications
where limiting reaction rate at high temperature is necessary. For instance, industry might

require limiting reaction rate in daytime to a range similar to reaction rate in nighttime.
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Figure 4.26 UV-Vis results of the RhB reduction reaction catalyzed by gold-
PNIPAm/polystyrene particles. (a) UV-Vis spectra of sample with 91 wt% PNIPAmM
during reaction at 31<C. Spectrum is measured every 40 seconds until RhB peak
disappears completely. (b) (c) (d) relationships between reaction temperature and reaction
rate for particles with 83 wt% 91 wt%, and 0 wt% NIPAAmM content respectively. (e)
Comparison of catalyst activity decrease percentage between 83 wt% and 91 wt%
NIPAAmM content composite particles. Rate decrease percentage is calculated based on

T 32.5°C predicted — 7 32.5°Creal

the following equation: Rate decrease percentage = X

T 32.5°C predicted
100%. rs2s< predicted 1S the predicted reaction rate assuming it linearly increases with
temperature, obtained via linear fitting the measured reaction rate from 16 <C to 29 <C.

I32.5<C real IS the average of 1340c and 7340
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For the reason of why PNIPAm’s thermo-responsiveness contributes to the modulated
catalytic activity, we believe the significant shrinkage of PNIPAm petals block the access
of Rhodamine B and NaBHy, to the surface of AuNPs at temperature above LCST of
31<C (See Figure 4.27). Shi et al® and Kim et al*® find that PNIPAm-gold composite
particles reduce catalytic reaction rate above LCST. They suggest that the shrinkage of
PNIPAmM particles possibly limits the diffusion of reaction molecules to AuNP surface.
However, no experimental work is conducted to further investigate the cause. Compared
to their microgel particle structure where many AuNPs are buried inside one PNIPAmM
microgel, the composite particles applied here have dumbbell-shaped structure, where
two PNIPAm-containing petals anchor on a single AuNP center. For validating the
hypothesis that shrunk PNIPAm petals block the diffusion of reaction molecules to the
active surface of AuNPs, an effective way is to analyze the refractive index change of
PNIPAm petals, which demonstrates petals’ density change. Here we use UV-Vis
spectrometer and DLS instrument to measure the scattering intensity variation around
LCST of 31 <C. The scattering intensity variation is caused by the change of refractive
index contrast between PNIPAm petals and surrounding waters, as predicted by Mie
theory.? 12127 As shown in Figure 4.28, the scattering intensity increases 2.45 time and
3.4 time for 83 wt% and 91 wt% NIPAAmM content composite particles, respectively.
These trends are also observed in extinction spectra obtained by UV-Vis spectrometer
(see Figure 4.29. It should be noted that the extinction intensity measured from the UV-
Vis spectrometer includes absorbing and scattering light intensities,*® where the
scattering light becomes dominant as the temperature increases above the LCST.) The
particle density and refractive index increase significantly, leading to a large refractive
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index contrast between the particles and the water phase. From a recent ellipsometry

%031 the refractive index of PNIPAm microgels increases from 1.34 to 1.40, for a

study,
relatively small size decrease (30% - 50% diameter decrease percentage, compared to
55.6% and 71.3% diameter decrease percentage of our 83 wt% and 91 wt% PNIPAmM
content dumbbell-shaped composite particles). The large refractive index contrast is
responsible for the extinction and scattering intensity increase. The increased refractive
index of PNIPAm petals indicates increased particle density to reduce the diffusivity of
Rhodamine B and NaBH, to the AuNP surface. Figure 5 c-e are the normalized UV-Vis
spectra for dumbbell-shaped particles with PNIPAm content of 0 wt%, 83 wt% and 91 wt%
respectively with temperature range of 25 <C - 37 <C. For dumbbell-shaped particles

with 0 wt% PNIPAm content, the AuNP extinction peaks at 580 nm remain unchanged.

For particles with 83 wt% PNIPAmM content, the peaks gradually decrease, merged by
PNIPAmM substrate curves. This trend becomes more obvious in extinction spectra of 91
wt% PNIPAmM particles, where the SPR peaks at 570 nm are merged completely by
PNIPAmM substrate curves as temperature increases above LCST of 31 <C. The merge of

AUNP extinction peak is due to increased scattering intensity of PNIPAm petals,

consistent with scattering intensity increase results shown in Figure 5a and 5b.
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Figure 4.27 Illustration of proposed reason of modulatable catalytic activity of gold-

PNIPAm/polystyrene dumbbell-shaped composite particles.
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Figure 4.28 Relationship of scattering intensity of dumbbell-structured gold-

PNIPAm/polystyrene composite particles with temperature. (a) DLS result of scattering

intensity increase ratio for temperature range of 25 <C — 39 <C for particles with 83 wt%

and 91 wt% PNIPAm content respectively. (b) (c) (d) are the normalized extinction

spectra measured via UV-Vis spectrometer for particles with PNIPAm content of 0 wt%,

83 wt% and 91 wit% respectively with temperature range of 25 <C - 37 <C. The extinction

intensity measured from the UV-Vis spectrometer includes scattering and absorbing

intensities.
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Figure 4.29 Relationship of extinction intensity of dumbbell-shaped gold-
PNIPAm/polystyrene composite particles with temperature obtained via UV-Vis
spectrometer. Extinction intensity increase ratio for temperature range of 25 C — 39 <C
for particles with 83 wt% and 91 wt% PNIPAm content respectively. The extinction
intensity measured from the UV-Vis spectrometer includes scattering and absorbing

intensities.
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4.3.7 Conclusion

We first report a successful synthesis of gold-polymer composite particles with
controlled structure (tetrapetal-structured, tripetal-structured and dumbbell-structured).
Multipetal-structured and dumbbell-structured gold-polystyrene composite are obtained
separately at the early stage and final stage of seeded emulsion polymerization,
respectively. As AuNP diameter increases, the number of petals on each single AUNP
increases (from tripetal structure to tetrapetal structure). The particles are found to be
formed via seeded-growth formation mechanism. These particles show potential
applications as building blocks for advanced ordered and hierarchical materials. Further
incorporation of PNIPAm polymers gives thermo-responsive dumbbell-structured gold-
PNIPAm/polystyrene particles. Significant size variation is shown for particles with 83
wit% and 91 wt% PNIPAmM content around LCST. These significant size variations give
rise to self-controlled catalytic activity around LCST, potentially useful for applications
where automatically controlling catalytic activity is needed. This is because above LCST,
the significant shrinkage of particles limits diffusion of reaction molecules to the surface

of AuNPs, leading to a reduced catalytic activity.
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4.4 “Smart” Core-Shell Structured CB-PNIPAmM/polystyrene Composite Particles

4.4.1 Synthesis of Core-shell Structured CB-PNIPAm/polystyrene Composite Particles
Core-shell structured CB-PNIPAmM/polystyrene composite particles are successfully
synthesized via one-step Pickering emulsion polymerizations. To the best of our
knowledge, it is the first time to report that Pickering emulsion polymerization route are
capable of synthesizing CB-polymer composite particles. Figure 4.30 is TEM image of
synthesized CB-PNIPAmM/polystyrene composite particles sampled at 2 hrs reaction time.
From the TEM images, it is found the majority of core-shell composite particles have a
size of ~ 60 nm. A clear core-shell structure is observed. We believe the shell part of
these particles are composed of CB, because the density of CB is ~2 g/cm3, much higher
than PNIPAm/polystyrene’s density of ~1 g/cm3 giving a clear contrast in TEM
microscope, where dark parts indicate CB is dominant. It should be noted that the
particles structure is not strictly spherical as shown in these images. It is observed that as
the electron beam hits on the particles, this CB shells start to deform. In addition, EDX
analysis is performed. As shown in Figure 4.30c, d, the presence of nitrogen elements is
evidenced by a characteristic peak as the electron beam is focused on the center part of
particle, while this nitrogen peak are not shown when the electron beam is focused on the
blank space of TEM film. This indicates the successful incorporation of PNIPAm into the

composite particles.
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Figure 4.30 (a)(b) TEM images of CB-PNIPAmM/polystyrene composite particles. (c)(d)
EDX results of CB-PNIPAm/polystyrene composite particles. The left and right EDX

results represent results where electron beam is focused on the particles and the blank

space, respectively.
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4.4.2 Thermo-responsiveness of Core-Shell Structured CB-PNIPAmM/polystyrene
Composite Particles

Following the successful validation of the AuNP system’s thermos-responsiveness as
described in previous sections, here the thermos-responsiveness of core-shell CB-
PNIPAm/polystyrene composite particles is analyzed by DLS techniques. Figure 4.31
demonstrates the size variation of samples taken at different reaction time during
Pickering emulsion polymerization. These particles are synthesized with 83 wt%
PNIPAmM monomer content (17 % polystyrene content). For the sample with 1 hr
reaction time, the particle size is 71 nm and no size variation is observed via DLS. For
the sample with 2 hrs reaction time, a typical size decrease curve is observed, where
particles undergo size decrease from 78 nm to 55 nm above the LCST of 31<C. This trend
is consistent with the previous results of PNIPAm-gold composite particle systems.'** For
the sample with 3 hrs reaction time, the particle size decreases from 190 nm to 78 nm at
the LCST. For the sample with 4 hrs reaction time, the particle size decreases from 525
nm to 150 nm going through the LCST. Figure 4.31e at the bottom is the comparison of
shrinkage ratio of samples with different reaction time. The shrinkage ratio is the ratio of
particle diameter at a given temperature to particle diameter at 40 <C. As the reaction
time increase, the thermo-responsiveness of the CB-PNIPAm/polystyrene composite
particles becomes more and more significant. At 4 hrs reaction time, a shrinkage ratio of
3.5 is detected. The fact that no thermo-responsiveness in the early stage of the reaction
possibly indicates that PNIPAm polymers are participating the copolymerization within
the composite particles later than styrene’s polymerization stage. The observation here is
also supported by report by Duracher et al.. >
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Figure 4.31 DLS analysis of CB-PNIPAmM/polystyrene composite particles with 83 wt%
PNIPAmM content under increasing temperatures. (a)(b)(c)(d) represent results of samples
with 1 hr, 2 hrs, 3 hrs and 4 hrs reaction time, respectively. (e) comparison of shrinkage
ratio of the above four samples with 83 wt% PNIPAmM content under increasing

temperatures.
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4.4.3 Study of Optical properties of Core-Shell Structured CB -PNIPAm/polystyrene
Composite Particles

The absorption characteristics of the CB-PNIPAm/polystyrene composite particles
are analyzed via UV-Vis spectrometers (Figure 4.32). For the sample with 1 hr reaction
time, the extinction spectra are the same at 20 <C and 40 <C. This indicates no PNIPAmM
incorporation at this stage, consistent with previous DLS particle size measurements. For
the sample with 2 hrs reaction time, a decrease of extinction intensity is observed at
40 <C, due to decreased volume fraction of the sample dispersion as particles undergo
size decrease. For example, at the wavelength of 500 nm, the extinction intensity
decreases from 0.69 to 0.65 with decrease percentage of 5.8 %. This result is consistent
with numerical model created by Dr. Otanicar. For the sample with 3 hrs reaction time, a
significant increase of extinction intensity is observed at 40 <C. For the sample with 4 hrs
reaction time, the extinction intensity increases even more dramatically from 20 <C to
40 <C. It should be noted that the extinction intensity measured from the UV-Vis
spectrometer includes absorbing and scattering light intensities,'*® where the scattering
light becomes dominant as the temperature increases above the LCST. This result is
consistent with previous study on PNIPAm/polystyrene-gold asymmetric composite
particles. The significant increase of extinction/scattering intensity is due to the presence
of PNIPAm which causes the large size decrease of the CB-PNIPAm/polystyrene
composite particles. This significant intensity change is attributed to the refractive index
change of the PNIPAm-containing core particles. Reports show below the LCST, the
polymer backbone is stretched and the particles are swollen with up to 97% water, with
the refractive index matching the surrounding water phase.™® ****° Our results show as
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temperature increases above the LCST, the PNIPAm backbone collapses with inter-chain
clustering, and the particles repel most of the water, undergoing a significant shrinking in
diameter from 525 nm to 150 nm (71.4% size decrease percentage). The particle density
and refractive index increase significantly, leading to a large refractive index contrast

between the particles and the water phase. From a recent ellipsometry study,*® *! th

e
refractive index of PNIPAm microgels increases from 1.34 to 1.40, for a relatively small
size decrease (30% - 50% diameter decrease percentage). This large refractive index
contrast is responsible for the extinction and scattering intensity increase, as predicted by
Mie theory.?® 12>127 Therefore, we believe the increased refractive index contrast between
PNIPAmM particles and surrounding water phase is more influential than the decrease of

volume fraction of CB-PNIPAmM/polystyrene composite particles, which causes an

increase of extinction intensity.
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Figure 4.32 UV-Vis spectrometer analyses of CB-PNIPAmM/polystyrene composite
particles with 83 wt% PNIPAm content at 20 <C and 40 <T. (a)(b)(c)(d) represent

samples with 1 hr, 2 hrs, 3 hrs and 4 hrs reaction time, respectively.

The scattering intensity response is further validated via DLS instrument’s scattering
intensity records, as shown in Figure 4.33. For samples with 1 hrs and 2 hrs reaction time,
no scattering increase is observed as the temperature is increased from 25 <C to 40 <C,
because not enough PNIPAm is incorporated to give increase of refractive index contrast

between PNIPAm particles and surrounding water phase. This is consistent with the
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above-mentioned UV-Vis results. For samples with 3 hrs and 4 hrs reaction time, a
significant increase of scattering intensity is observed over the same temperature range,
with scattering intensity increasing by a factor of 2.6 and 3.6 for 3 hrs and 4 hrs samples,
respectively, as temperature is increased from 25 <C to 40 <C. This is consistent with
size variation around the LCST temperature confirmed by DLS’s particle size
measurement.
Absorbed Energy « D?Q s (6)

Equation 6 shows the influence of particle size and absorption efficiency on absorbed
energy.
Based on this equation, for the sample with 2 hrs reaction time, the estimated decrease
percentage of absorbed energy is 53%. For sample with 3 hrs reaction time and 4 hrs
reaction time, the particle size exceeds the limit (< 100 nm) of numerical model by
Otanicar et al. Figure 2.21 in the motivation section shows the relationship between
stagnation temperature and absorption of heat transfer fluids. For each of three batches
with different concentrations, stagnation temperature decreases as absorbed energy
decreases. The results indicate dispersions of CB-PNIPAmM/polystyrene composite
particles synthesized with 2 hrs reaction time shows potential to be utilized as nanofluids

with self-controlled temperature to solve stagnation problems.

106



40-
3.5—-
3.0;
2.5;
20/
15

1.0 +

0.5

—a—1hr
—eo—2hrs
—4A—3 hrs
—v—4 hrs LD
Pl vty
T/
eSS e
v 1
gE
5 e 5

Scattering Intensity Increase Ratio

T ¥ T y T b T : T % T 2 T : T 3 T ¥ 1
24 26 28 30 32 34 36 38 40 42
Temperature (°C)
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CB-PNIPAm/polystyrene composite particles with 83 wt% PNIPAm. The four plots

represent samples with 1 hr, 2 hrs, 3 hrs and 4 hrs reaction time, respectively. The laser

wavelength of DLS for scattering intensity measurement is kept at 639 nm.
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4.4.4 Conclusion

“Smart” core-shell CB-PNIPAm/polystyrene composite particles are successfully
synthesized via Pickering emulsion polymerization methods. These particles are around
78 nm in diameter where the incorporation of PNIPAm is confirmed by an EDX analysis.
The thermo-responsiveness of core-shell CB-PNIPAm/polystyrene composite particles is
validated via a DLS particle size measurement, where an increasing size variation is
found for samples with 83 wt% PNIPAmM content after 2 hrs, 3 hrs and 4 hrs reaction time.
The extinction intensity is found to be influenced by both the volume fraction of particles
and the refractive index contrast between PNIPAm particles and surrounding water phase;
as the volume fraction decreases or refractive index contrast decreases, the extinction
intensity increases. This is further confirmed by direct scattering intensity analysis via the
DLS scattering intensity measurement. Previous numerical model suggests absorbed
energy of heat transfer fluids is proportional to particle size and absorption efficiency.
Dispersions of core-shell CB-PNIPAmM/polystyrene composite particles with 2 hrs
reaction time is found to be able to serve as potential nanofluids with self-controlled

temperature to solve stagnation problems of heat transfer fluids.
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Chapter 5
SUMMARY AND FUTURE WORK
5.1 Summary

Gold core-shell composite particles are successfully synthesized via one-step
Pickering emulsion polymerization route. The surface coverage is found to be improved
with increasing AUNP hydrophobicity and AuNP concentration. Under high AuNPs
concentration (0.092 wt%), it’s intriguing to find that AUNPs exhibit an ordered
hexagonal pattern on polystyrene substrate surface, likely due to electrostatic repulsion
during the emulsion polymerization progress. Other than the desired gold core-shell
composite particles, interestingly we find that at low AuNPs concentrations, there is a
bimodal size distribution in which asymmetric nanocomposite particles and gold core-
shell composite particles are both present with an averaged diameter of 180 nm and 460
nm respectively. We conduct a time study and propose the seeded-growth mechanism for
the formation of asymmetric particles. The core-shell and asymmetric polystyrene-gold
composite particles show potential applications in catalysts as they successfully catalyzed
the redox reaction of Rhodamine B with stable performance. Both core-shell and
asymmetric composite particles show high recyclability.

We successfully employed emulsion polymerization method to synthesize
polystyrene/PNIPAmM-gold composite particles. Core-shell and asymmetric structured
particles are simultaneously formed during the polymerization process. Compared with
core-shell structured composite particles, the asymmetric composite particles have a
higher thermo-responsiveness as a result of different formation mechanism. With an
increasing NIPAAmM content, the size decrease of an asymmetric composite particles
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becomes more significant. Compared with traditional gold-PNIPAm particles synthesized
with the aid of cross-linking agent, the asymmetric particles synthesized here without
cross linker show significant particle size and viscosity variations around the LCST. The
significant size decrease of the asymmetric composite particles gives rise to meaningful
scattering intensity increase due to an increased refractive index contrast between the
PNIPAmM substrate particles and surrounding water. The resulting size decrease also leads
to tunable surface plasmon resonance properties, as a result of the local refractive index
change of the PNIPAmM medium surrounding AuNP. The switchable scattering intensity
gives the asymmetric particles great potential for intensity-based thermal sensor.

We successful synthesized multipetal-shaped and dumbbell-shaped gold-polystyrene
composite particles. The multipetal-shaped and dumbbell-shaped gold-polystyrene
composite particles are obtained separately at the early stage and final stage of seeded
emulsion polymerization, respectively. As the AuNP diameter increases, the number of
the petals on each single AuNP increases. The particles are found to be formed via
seeded-growth formation mechanism. No core-shell particles are formed, indicating that
the increased AuNP size here leads to decreased emulsion stability. Further incorporation
of PNIPAm polymers gives thermo-responsive dumbbell-shaped gold-
PNIPAm/polystyrene particles. Significant size variation is shown for particles with 83
wit% and 91 wt% PNIPAmM content around LCST. These significant size variations give
rise to a modulatable catalytic activity around LCST. This is hypothesized that above
LCST, the significant shrinkage of particles limits diffusion of reaction molecules to the

surface of AuNPs, leading to a reduced catalytic activity.
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Moreover, non-metal inorganic material carbon black is found to be able to serve as
Pickering emulsion stabilizer for the synthesis of “smart” core-shell CB-
PNIPAm/polystyrene composite particles via Pickering emulsion polymerization
methods. These particles are around 78 nm in diameter at room temperature where the
incorporation of PNIPAm is confirmed by EDX analysis. The thermo-responsiveness of
core-shell CB-PNIPAm/polystyrene composite particles is validated via DLS particle size
measurement, where an increasing size variation is found for samples with 83 wt%
PNIPAmM content of 2 hrs, 3 hrs, and 4 hrs reaction time. The extinction intensity is found
to be influenced by both volume fraction of particles and refractive index contrast
between PNIPAm particles and surrounding water phase, where as volume fraction
decreases or refractive index contrast decreases, extinction intensity increases. This is
further confirmed by direct scattering intensity analysis via the DLS scattering intensity
measurement. Previous numerical model suggests the absorbed energy of heat transfer
fluids is proportional with particle size and absorption efficiency. As the absorbed energy
decreases, the temperature decreases. Dispersions of core-shell CB-PNIPAm/polystyrene
composite particles with 2 hrs reaction time is found to be able to serve as potential
nanofluids with self-controlled temperature to solve the stagnation problems of heat

transfer fluids.
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5.2 Future Work
5.2.1 “Smart” Core-Shell PNIPAm/polystyrene-Gold Composite Particles

Previously we successfully synthesize PNIPAm/polystyrene-gold composite particles,
where AuNPs form a discontinuous shell layer. Another synthesis route shows potential
for synthesizing PNIPAm/polystyrene-gold composite particles with a continuous Au
shell, where the shell thickness is controllable. Yong et al successfully synthesized core-
shell structured polystyrene-gold composite particles via chemical binding between gold
and thiol group.'' This indicates the possibility of incorporation of PNIPAm polymers via
copolymerization of styrene and NIPAAm under chemical synthesis of polystyrene-gold
composite particles via chemical binding between gold and thiol group. The advantage of
their method is that a continuous shell is forming where the shell thickness is controlled
by time of chemical reduction reaction of gold salts; therefore, by controlling the reaction
time, the absorption properties of composite particles is tuned.

The first goal proposed here is to synthesize thiol-terminate PNIPAm-polystyrene
core-shell structured particles. As reported before, reaction kinetics show styrene
monomers polymerize at the first stage; at the later stage, NIPAAm monomer starts to
polymerize. As a result, these particles have a PNIPAm core and a polystyrene shell. This
is supported by the fact that the LCST of polystyrene/PNIPAm-silica composite particles
synthesized via the same approach are not affected by copolymerization of styrene.*® For
asymmetric PNIPAm/polystyrene-gold composite particles with NIPAAm content of 71%
and 83% (results are shown in Figure 4a), the LCST remains 31 <C.*** This indicates the
influence of copolymerization with styrene to LCST variation is small. A possible
explanation is that phase separation inside the core particles exists between polystyrene
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and PNIPAm polymers. Duracher et al propose that phase separation exists inside
particles that contain a PNIPAm-rich core and polystyrene-rich shell.” Here, surfactants
with thiol end group might be chosen to stabilize the emulsions to form thiol terminated
PNIPAm-polystyrene core-shell particles. The next step is proposed as chemical

deposition of gold salt via thiol-gold binding, as described by Yong et al.
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Figure 5.1 Formation pathway of polystyrene-gold core-shell composite particles.
Adapted from Reference 11.
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5.2.2 Self-controlled Natural Convection of Nanofluids Composed of Asymmetric
PNIPAm/polystyrene-Gold Composite Particles

The significant thermo-responsiveness of asymmetric PNIPAm/polystyrene
composite particles contributes to switchable scattering intensity properties of particles,
as described previously. Another potential application utilizing the significant thermos-
responsiveness of asymmetric PNIPAm/polystyrene composite particles is nanofluids
with self-controlled natural heat transfer. Considering the significant variation of
viscosity for asymmetric PNIPAm/polystyrene composite particles with 83 wt% and 71
wt% PNIPAm content, the natural convection heat transfer coefficient is presumed to
change as well. For instance, this “smart” nanofluid is suitable for applications in which
increased heat transfer is needed in the daytime (above the LCST of 31°C) for the
purpose of releasing energy, while decreased heat transfer is needed in the nighttime
(below the LCST of 31°C) for the purpose of storing energy. As a result, this nanofluid is
potentially helpful for systems that must be maintained at a constant temperature.

Gunawan et al in Dr. Phelan’s group previously conducted theoretical and
experimental studies on the amplifying effect of natural convection on power generation
of thermogalvanic cells.'”'®® The device (shown in Figure 5.2) is capable of running
natural convection heat transfer experiments without galvanic setups. Both vertical
alignment and horizontal alignment (shown in Figure 5.2¢) are proposed for
measurements. For experiments measuring systems above LCST of 31 °C, the
temperature at hot end might be set at 50 °C, cold end at 40 °C; for experiments
measuring systems below LCST of 31 °C, the temperature at hot end might be set at
20 °C, cold end at 10 °C.
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The calculation of Nusselt number for the device in Figure 5.2 is shown below.'**'7

Gry = gf(T), — T,)L?
rr = gp(T, T)L/Uz ©)

y
Pr=—
o

For horizontal orientation,

Nul_q. ) [(GrcPOH/L) e 0.623(GrePr) SL) o
g 362830 - 0-623(CrcPr) g
(10)
GrePr < 10°
For vertical orientation,
Nu = 0.147(GrcPr)***, 2 x 10* < Gr¢Pr < 5 x 10° (11)

where Grr is thermal Grashof number and Pr is Prandtl number, J is the coefficient of
volume expansion, g is gravitational acceleration, Ty is temperature at hot end, T,

temperature at cold end, v the kinematic viscosity, o the thermal diffusivity.
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Figure 5.2 Tllustration of glass cell setups for natural convection heat transfer. (a) cross-
section of of the cell’s three compartments; (b) interchangeable middle compartments
which are made to fit different electrode spacing distance; (c) the cell setups are
stabilized in horizontal and vertical orientation, providing three potential orientations for

measurements. Adapted from Reference 167.
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