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Self-assembly is a fundamental mechanism by which structures form in materials. This 

mechanism has given rise to many new technological advances in applications as diverse as 

structural composites, medicine, alternative energy sources and information technology. Many 

current approaches to self-assembly have shown promise, but each has its own unique 

limitations.  The over-arching goal of this study is to develop self-assembly processes for 

nanoparticles that are simple, scalable and cost effective. In this dissertation we examine the 

mechanism for self assembly of nanoparticles in dispersion and at fluid-fluid interfaces. 

A simple method is presented for the synthesis of amphiphilic gold nanoparticle 

surfactants that self-assemble into clusters of controllable structure. The technique is based on 

the control of particle clustering through sequential functionalization of the surface with thiol 

terminated polyethylene glycol to sterically stabilize particles in water and short alkane-thiols 

that render the particles amphiphilic. These nanoparticle surfactants are surface active and form 

rafts at the air-water interface and stable nanoparticle clusters in dispersion. The clusters are also 

reminiscent of traditional micelles with an adjustable aggregation number that is controlled via 

modification of the grafting density of polymer on the nanoparticle surface. The nanoparticle 

surfactants are also shown to be highly effective emulsifying agents due to their amphiphilicity 

and they adsorb strongly to oil-water interfaces with controllable inter-particle separation 

distances. Both the clusters and colloidosomes that can be formed with these particles exhibit 

tunable shifts in plasmon resonance, enhancing the near-infrared optical absorption and making 

them useful for a wide range of applications.  
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Chapter 1. Introduction 

 Nanotechnology has gained extensive interest over the last several decades, both 

from the scientific community and from the general public. Exciting technological 

innovations utilizing nanotechnology will have tremendous impact on areas as diverse as 

structural materials, medicine, alternative energy sources and information technology.1-5 

One benefit to shrinking the size of devices and structures is the potential for increased 

information storage capacity and device speed in microelectronics. More importantly, 

nanotechnology can give rise to new material functionality because ‘nanostructures’, 

particles or composites structures that have at least one dimension on the nanoscale, have 

fundamentally different physical properties that are governed by quantum confinement 

effects. The quantum behavior of nanometer sized features can be exploited to engineer 

electronic, magnetic and optical properties. 

 

1.1 Background 

The emergence of nanotechnology has given rise to the development of many 

cutting edge technologies such as colloidosomes for drug-delivery, composites that are 

strong yet lightweight and increasingly smaller consumer electronics and computational 

devices. Each of these examples utilizes materials that are on the nanoscale in at least one 

dimension. Colloidosomes are porous microcapsules that are constructed from a 

composite shell of particles.1, 2  These structures can be used to encapsulate proteins or 

pharmaceuticals for applications in controlled drug-delivery. Nanoparticles are used as 

the building blocks for these structures because they allow for the most control over the 

permeability of the colloidosome, making the structures useful for controlled delivery of 
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small molecule drugs.6 In another application, the strength of nanoscale materials is 

exploited to create lightweight composites. These bulk materials are known as 

‘nanomaterials’ because they have morphological features on the nanoscale. Carbon 

nanotubes, for example, exhibit extraordinary tensile strength and elastic moduli, and are 

efficient thermal and electrical conductors.3  Recently, carbon nanotubes have been 

incorporated into polymer matrices to achieve composites with both high strength and 

electrical conductivity. Composites are used in a variety of applications such as light-

weight boat hulls and sporting equipment. Finally, there has also been an increasing focus 

on using inorganic colloidal nanoparticles for light-emitting displays and solar cells 

because the optical and electrical properties of these materials are tunable and directly 

related to the size, shape and arrangement of the particles.4  Self-assembly of these 

nanoparticles into three-dimensional superlattices or nano-clustered colloidal molecules 

is an especially effective strategy for creating novel, tunable opto-electronic materials.7 

These few examples show the varied and impactful applications that are possible with 

nanoscale materials. 

 These applications are possible because bulk materials exhibit profoundly 

different properties than nanoscale materials. The properties of these materials are 

different at the nanoscale because of the increased surface to volume ratio.8  The 

percentage of atoms at the surface of a material becomes significant and the properties of 

the surface atoms begin to dominate over the bulk properties of the material. Size 

dependent properties include quantum behavior in semi-conducting particles, surface 

plasmon resonance in metallic particles and superparamagnetism in magnetic particles.9, 

10  For example, surface plasmon resonance in metallic colloidal nanoparticles leads to 
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size-dependent, tunable electrical and optical properties. Gold nanoparticles, for instance, 

exhibit tunable optical absorption that spans the visible spectrum depending on the 

particle size and shape.10 Hence, metallic and semiconducting nanoparticles have been 

targeted as building blocks for materials with specific mechanical, optical and magnetic 

properties.11 This has led to a world-wide and continually growing interest in their 

synthesis and processing.5, 12  

 

1.2 Nanoparticle Synthesis 

 In the early years of nanotechnology, much of the work focused on synthesizing 

particles of different size, shape and material. The most commonly used colloidal 

building blocks have spherical symmetry, so in the past several decades many methods 

have been developed for synthesizing spherical particles. A wealth of monodisperse 

colloids can now be synthesized from various organic polymers and inorganic materials. 

Figure 1.1 shows TEM images of particles that are used in this dissertation. Figure 1.1a is 

a TEM of polystyrene latex particles (d = 100 nm) that are purchased from Thermo 

Scientific (Waltham, MA). These commercially available particles were prepared using 

emulsion polymerization where monomers are polymerized inside surfactant-stabilized 

emulsions resulting in extremely monodisperse particles.13 The 15 nm silver 

nanoparticles in Figure 1.1b are synthesized by reducing silver nitrate with sodium citrate 

and quenching the reaction with ammonia to control particle polydispersity.14  The 

Turkevich method was used to synthesize the 12 nm gold nanoparticles in Figure 1.1c.15 

These methods have been carefully refined so that they reliably produce monodisperse 

particles with a simple procedure. 
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Figure 1.1. TEM images of a) 100nm polystyrene latex particles purchased from Thermo 
Scientific13, b) 15nm silver nanoparticles and c) 12nm gold particles. The gold and silver 
nanoparticles are synthesized and characterized at the University of Washington. 
 

 To further explore the unique properties of nanostructures, many techniques have 

been developed to synthesize particles of different shapes. New syntheses include the 

formation of polystyrene spheroids with a tunable aspect ratio that are used to expand the 

photonic band gap in crystalline colloid lattices.16  It was also recently demonstrated that 

silver and gold could be synthesized into uniform nanocubes and nanoboxes in order to 

gain even further control over the optical and electrical properties of the materials.17 

Moreover, anisometric particles such as iron oxide particles in a peanut shape have been 

synthesized.18, 19 In addition to forming particles with unique shapes, there is also great 

interest in forming nanorods. Specifically, nanorods with extreme aspect ratios such as 

carbon nanotubes that have aspect ratios reaching as high as 132,000,000:1 are useful 

because of their high tensile strength and semiconducting properties.20 Syntheses for 

carbon nanotubes typically involve chemical vapor deposition or laser ablation and are 

much more challenging than the solution phase processes typically used for inorganic 

materials.21, 22 
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1.3. Nanoparticle self-assembly  

 Previously, most work in the field of nanotechnology has focused on synthesizing 

nanoparticles in a variety of sizes, shapes and materials. While this has been instrumental 

in the progression of nanoscience, it is only the first step to the synthesis of 

nanostructures and nanomaterials. In order to further expand the field it is necessary to 

arrange these particles into useful structures, which has been a main focus in recent years. 

 Methods to construct these new nanostructured materials typically are divided 

into two categories, “top-down” and “bottom-up”. In traditional “top-down” 

manufacturing, macroscopic features are scaled down. In contrast, structures made by 

“bottom-up” manufacturing are built by organizing smaller sub-units. Examples of “top-

down” manufacturing processes include mechanical methods, photolithography, and 

scanning probe methods used to arrange particles.23-25 The benefit to these methods is the 

high level of control over the final structure. However, manufacturing structures in this 

manner is not scalable as it is extremely time intensive and there are size limitations 

based on the resolution of the equipment and manufacturing.26-28  

The “bottom-up” approach utilizes the self-assembly of nanoscale building blocks 

for material synthesis. Many materials exhibit self-assembling behavior as a result of 

interactions mediated by charge, dipoles (van der Waals) and hydrophobicity that result 

in controllable inter-particle forces.29  Figure 1.2 is a schematic highlighting different 

engineered and naturally occurring self-assembling systems. Some of the most intricate 

and efficient self-assembling systems are found in nature. Examples include the folding 

and coiling of polypeptides in protein structures and the double helix structure of DNA.30, 
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31  While it is difficult to match the complexity of natural systems, synthetic molecules 

can be engineered to emulate the self-assembling properties found in nature. For example, 

surfactants in water self-assemble into micelles with hydrophobic tails in the center of the 

structure and hydrophilic head groups around the perimeter.32 Other examples of self-

assembling systems include phase-separated copolymers and self-assembled monolayers 

on gold substrates.33, 34   

 

 

Figure 1.2. Schematic of self-assembling systems: a) human growth hormone,31 b) 
sodium dodecyl sulfate surfactant micelles, c) phase-separated copolymers, d) self-
assembled monolayers on gold substrates. 
 

Several approaches are currently used to engineer self-assembled structures from 

colloidal particles; however, each method has its own unique limitations.35-42 Methods for 
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self-assembly in dispersion are often based on the use of patchy particles that can be 

functionalized using techniques such as glancing-angle deposition, emulsion-based 

templating or particle lithography.27, 43 In one example, Janus particles are shown to self-

assemble into a variety of structured colloidal clusters by controlling attractive 

electrostatic interactions.44 Unfortunately, these techniques are often limited by low 

particle yields or by the inability to functionalize and organize particles at the nanometer 

scale. Another way to self-assemble particles is with physical templates. Velev and 

colleagues first used emulsion droplets as templates to organize spherical latex particles 

of 1 μm diameter into large aggregates using excluded volume interactions.1 Similarly, 

Pine  et al. assembled polystyrene latexes into polyhedral objects with well-controlled 

sizes and shapes through the encapsulation of particles in oil droplets and subsequent 

formation of stable clusters by removal of the organic solvent.35 They demonstrate that 

energetically stable cluster geometries are obtained and that the specific particle 

arrangement is directly determined by the original number of particles inside each 

droplet.35 Dinsmore and coworkers used the oil-water interface of an emulsion to 

generate hollow spherical aggregates out of 1 μm polystyrene particles.2 Bulk phase 

methods like this one are attractive due to the potential for obtaining large yields with 

scaleup, but they are often limited to the organization of relatively large particles (> 100 

nm). Grafting or growing block copolymers or DNA on surfaces has also been used to 

assemble nanoparticles and to form stable clusters.45-49 Unfortunately, many of these 

polymer-based techniques require expensive materials or complex synthetic chemistry 

steps that can limit widespread use by researchers lacking the necessary expertise or 

resources. Finally, equilibrium clusters can also form by carefully balancing the attractive 
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and repulsive colloidal interactions (e.g. ionic or depletion) that occur in proteins and 

other particle systems.50 In these cases the particles are often in a dynamic equilibrium so 

that clustered structures are not robust and may be strongly affected by temperature and 

ionic strength. 

 

1.4. Objectives and Approach 

While many self-assembly methods are successfully used to form nanostructures, 

each of the approaches has some limitations. An ideal self-assembly methodology would 

be a simple and scalable technique that could be used for both microparticles and 

nanoparticles. The over-arching goal of this study is to develop self-assembly processes 

for particles on the nano-scale that are simple, scalable and cost effective. In this 

dissertation we examine the self-assembly of nanoparticles for two different systems, in 

dispersion and at fluid-fluid interfaces.  

In Chapters 3 and 4 we present the synthesis of amphiphilic gold nanoparticles 

that can spontaneously self-assemble into stable clusters with controllable geometry. The 

technique is based on the control of colloidal interactions through sequential 

functionalization of the surfaces with long thiol-terminated poly(ethylene glycol) methyl 

ether (PEG) chains followed by short alkane-thiol molecules. This process renders the 

gold nanoparticles amphiphilic and initiates the self-assembly of stable clusters in the 

dispersion. A schematic of this synthesis procedure is given in Figure 1.3. With this new 

approach, we show that it is possible to fabricate large numbers of amphiphilic 

‘nanoparticle surfactants’ that form clusters with controllable structure. Clustering is 

controlled by manipulating the steric forces that are imparted by surface-bound polymers 



9 
 

and the attractive interactions of the hydrophobic alkane-thiols. Figure 1.4 shows 

examples of the resulting clusters as examined with transmission electron microscopy. 

 

Figure 1.3. Schematic representation of the new method for surface functionalization and 
assembly of gold nanoparticles.  

 

 

 

Figure 1.4. TEM images of gold nanoparticle clusters with singlet, doublet, triplet, 
tetrahedron, pentahedron and octahedron geometries. 
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In Chapter 5 we investigate the self-assembly and adsorption of charged 

nanoparticles at dispersed oil-in-water emulsion interfaces. The interaction potentials for 

negatively charged hexadecane droplets with anionic polystyrene latex particles or 

cationic gold particles are calculated using DLVO theory. Calculations demonstrate that 

increased ionic strength decreases the decay length of the electrostatic repulsion leading 

to enhanced particle adsorption. For the case of anionic PS latex particles, the energy 

barrier for particle adsorption is also reduced when the surface charge is neutralized 

through changes in pH. Complementary small-angle scattering experiments show that the 

highest particle adsorption for PS latex at the oil-water interface occurs at moderate ionic 

strength and low pH. For cationic gold particles, simple DLVO calculations also explain 

scattering results showing that the highest particle adsorption occurs at neutral pH due to 

the electrostatic attraction between oppositely charged surfaces. This work demonstrates 

that surface charges of particles and oil droplets are critical parameters to consider when 

engineering particle-stabilized emulsions. 

The amphiphilic gold nanoparticles that we synthesize and use to prepare clusters 

are also effective emulsion stabilizers due to their dual functionality and surface activity. 

In Chapter 6 we examine the use of self-assembling gold nanoparticle surfactants to form 

stable Pickering emulsions, or particle-stabilized emulsions. The resulting structures are 

colloidosomes that have a tunable plasmon resonance in the near-infrared (NIR) 

wavelength region. The high NIR absorbance makes these colloidosomes potentially 

useful for applications in photothermal therapy and in photoacoustic imaging. When 

illuminated, the plasmonic nanoparticles can serve as a localized heat source, resulting in 

cell death for targeted cancerous tissues. For this particular application we engineer the 
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particles to have a specific inter-particle spacing at the oil-water interface in order to 

control the optical absorption in the NIR region. Figure 1.5 is a SEM image of one such 

nanoshell composed of 12 nm gold particles. 

 

 
 

Figure 1.5. SEM image at taken 15000x magnification of a composite shell composed of 
12 nm gold nanoparticles. 
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Chapter 2: Small Angle Scattering 

Small angle scattering is a non-destructive analytical method used to determine 

the structure of a given sample. The primary benefit of scattering techniques is the ability 

to probe the sample structure in situ over a wide range of length scales (1-20,000 nm). 

Small angle scattering from light, x-rays and neutrons are analogous techniques that can 

be used to highlight different components of a sample. The research presented in this 

dissertation will utilize both small angle x-ray and neutron scattering (SAXS and SANS). 

The following chapter is meant to describe the basics of the technique, but more thorough 

explanations of scattering methods are available.51-53 

 

2.1 Introduction to technique 

A schematic of a typical scattering experiment is located in Figure 2.1. Neutron or 

x-ray radiation is incident on a sample, and is absorbed, transmitted or scattered. A 

detector measures the intensity of the scattered radiation at a range of scattering angles, θ. 

Structural information is obtained from the radiation intensity as a function of the 

scattering angle. Because the scattering angle is dependent on the incident wavelength, 

scattering patterns are typically presented as functions of the wavevector, q. The 

wavevector, q, is defined as the difference between the propagation vectors of scattered, 

ks, and incident, ki, radiation and has units of reciprocal length. The magnitude of this 

vector is defined in Equation 2.1 where λ is the incident wavelength. 

4 sinq π θ
λ

=       (2.1) 
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Figure 2.1. Schematic diagram of a small angle scattering experimental set-up. 
 

 

Neutrons or x-rays are generated and collimated into a beam so that they are all 

moving in the same direction. For neutrons, this collimation occurs with a series of 

apertures over several meters until the neutrons are in a point beam. The x-ray fluxes 

used in this study are much lower, so the beam is line collimated in order to increase the 

incident intensity. While this makes it possible collect data over a shorter time, it also 

causes smearing in the data curves. The curves can be mathematically desmeared using 

the Lake iterative method and then analyzed as if in point collimation.54 Alternatively, 

models can be mathematically smeared to match the experimental SAXS data using the 

DANSE software developed at NIST.55 

Incident photons or neutrons are scattered by every atom and the scattering is 

therefore a function of the arrangement of atoms in the sample. Rayleigh x-ray scattering 

occurs when photons collide with electrons, and the scattering intensity of a material 
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depends on the number of electrons in the material.51 For this reason, materials with a 

high electron density will scatter the most. The intensity of elastic neutron scattering is 

dependent on the mass density and scattering length of neutrons in a given sample.53 The 

scattering length corresponds to the amplitude of the scattered wave relative to that of the 

incident wave. It is possible to define the strength of scattering as the scattering length 

density (SLD) based on the average x-ray or neutron interactions in a material. 

The scattering length density, ρ, is defined as the ratio of the scattering length per 

molecule and the molecular volume. Equation 2.2 gives the scattering length density for 

an AmBn molecule where b is the coherent scattering length of the atoms and v is the 

volume occupied by the molecule.53 

     
m n

A B
A B

mb nb
v

ρ +
=     (2.2) 

The total scattering intensity in a sample arises from differences in SLD between 

sample phases. Equation 2.3 gives the general scattering intensity equation for a 

composite sample of i different particles in a solution with different SLD’s. 

2

1
( ) ( ) ( ) 2( )( ) ( )

n

i sol ii i sol j sol ij
i i j

I q I q I qρ ρ ρ ρ ρ ρ
= ≠

= − + − −∑ ∑  (2.3) 

The scattering equation for a composite sample with two different components in a 

solvent is simplified to Equation 2.4. 

2 2
1 11 2 22 1 2 12( ) ( ) ( ) ( ) ( ) 2( )( ) ( )sol sol sol solI q I q I q I qρ ρ ρ ρ ρ ρ ρ ρ= − + − + − −   (2.4) 

The terms I11 and I22 are the self-correlation terms for identical particles while I12 is the 

cross-correlation of two unlike particles. 
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2.1.1 Contrast Matching 

One added benefit to neutron scattering is the ability to highlight different 

components in a sample by contrast matching. Because atomic isotopes have different 

neutron coherent scattering lengths, it is possible to tune the effective material scattering 

length density without altering its chemical and physical properties. In the contrast 

matching technique, the solvent scattering length density is usually adjusted to match that 

of a sample component, thereby eliminating the scattering that would otherwise arise 

from that component. By matching the SLD of the solvent to one component in 3-

component system, the scattering equation can be simplified so that the scattering 

intensity is only from the second component. 

2
1 11( ) ( ) ( )solI q I qρ ρ= −  when ρsol = ρ2   (2.5) 

Deuterium atoms are most often used in place of hydrogen atoms because 

hydrogen is one of the most common elements. Additionally, they have extremely 

different scattering lengths, making it possible to adjust the contrast over a wide SLD 

range. For example, the neutron SLD of H2O is -5.6*10-7 Å-2 and D2O is 6.33*10-6 Å-2. If 

the desired SLD is 2.9*10-6 Å-2 a 50:50 volume ratio of H2O to D2O can be used to adjust 

the isotopic composition of the water and therefore alter the scattering length density.  
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Figure 2.2. Schematic demonstration of the contrast matching technique. 
 

This principle is further explained schematically in Figure 2.2. In the top row, the 

circles and triangles represent two different types of particles, and the shades of gray 

represent different SLDs. In the extreme cases of a solvent that is all H2O (white 

background) or all D2O (black background), both the circles and squares are still visible. 

By mixing isotopes to adjust the SLD of the solvent phases, it is possible to match the 
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SLD to one of the dispersed phases until it disappears. This is shown in the center box 

where the circles are no longer visible and only scattering from the triangles would occur. 

The contrast matching technique is utilized in the SANS study of Pickering 

emulsions that is described in Chapter 5 of this dissertation. SANS is used to explore the 

arrangement of polystyrene latex particles in a hexadecane-in-water emulsion. In order to 

eliminate the scattering of the oil phase, a 6 vol% H2O in D2O mixture is used as the 

solvent and 11.2 vol% h-hexadecane in d-hexadecane is used as the oil phase so that all 

of the scattering intensity is from the PS latex particles. This is demonstrated 

schematically in the bottom row of Figure 2.2.  

 While the SLD of the material may be determined theoretically using Equation 

2.2, it is much more accurate to find the contrast match point experimentally. This 

experiment is carried out at several different deuterated to hydrogenated solvent ratios 

with only the component that is to be matched in the dispersed phase. For the Pickering 

emulsion study, the contrast match point is determined by emulsifying a 11.2 vol% h-

hexadecane in d-hexadecane solution in different water isotopes. The square root of the 

scattering intensity at a given q value (q=0.004 Å-1) is plotted as a function of isotopic 

composition. The contrast match point is the isotope composition where the scattering 

intensity is zero. Figure 2.3 shows the contrast match plot for the hexadecane in water 

emulsions with a match point of 6 vol% H2O in D2O. 
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Figure 2.3. Experimental determination of the contrast match point for 11.2 vol% h-
hexadecane in d-hexadecane oil-droplets in water. The scattering intensity at q=0.004 Å-1 
is eliminated at 6 vol% H2O in D2O. 
 

In x-ray scattering, the SLD’s for materials are fixed because they are based on 

the electron density. However, materials can be carefully chosen so that SLD of one 

component is much greater than both the solvent and the other component. This will 

cause one component to dominate the scattering intensity. The x-ray scattering length 

density of gold is extremely high because it is a very electron dense material (ρAu = 

1.25*10-4Å-2) and is much greater than water and hexadecane (ρH2O = 7.52*10-6Å-2 and 

ρC16H34 = 9.46*10-6Å-2).This makes SAXS especially useful for studying gold 

nanoparticles in both of the systems presented in this dissertation. 

 

2.1.2 Basic Data Analysis Methods 

 One simple method for approximating the size of particles and clusters is a 

Guinier analysis.56  The radius of gyration, Rg, is a size parameter that is calculated from 
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Equation 2.6 where q is the scattering vector and a0 is the zero angle intensity. For this 

analysis, the scattering data are plotted as ln[I(q)] versus q2
. The slope is determined at 

low q and used to calculate Rg as long as the slope is constant. If the particles are known 

to be monodisperse spheres, the particle radius can be determined by 5
3 gR R= . 

[ ]
2

2
0ln ( ) ln[ ]

3
gR

I q a q= −      (2.6) 

 

Figure 2.4. Guinier analysis for monodisperse gold nanoparticles in water where Rg= 
5.15 nm and R= 6.6 nm. 

 

 While the Guinier analysis is useful for determining the approximate size of 

particles, the scattering can be analyzed more rigorously using direct modeling. The 

scattering intensity of a simple two-component system can be modeled as the self-
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correlation of discrete entities (e.g. particles). This is typically divided into the 

contributions from the individual particle’s size and shape and contributions from the 

arrangement of particles in the sample. Equation 2.7 is the resulting scattering model 

where N is the number of particles, Vp is the volume of a single particle, 2ρ∆  is the 

contrast factor, bkg is the incoherent background, P(q) is the single particle form factor 

and S(q) is the inter-particle structure factor. 

2 2( ) ( ) ( )pI q NV P q S q bkgρ= ∆ +     (2.7) 

 The form factor accounts for the scattering that occurs from one particle. Each 

atom within the particle will produce a scattering wave that is sent to the detector. All of 

the wave amplitudes are summed, resulting in a unique interference pattern. The pattern 

oscillates in a way that is characteristic for the shape of the particle. The form factor can 

be mathematically calculated using Equation 2.9. The form factor, P(q), is defined as the 

density correlation function integrated over the particle volume. 

     

2

1( )
p

iqr

p V

P q e dr
V

 
 =
  

∫     (2.9) 

The simplest particle geometry is the monodisperse sphere. Assuming a uniform density, 

the form factor for monodisperse spheres, Ps(q), is given in Equation 2.10 where R is the 

particle radius and J1(x) is a Bessel function of the first order. 

   
( )

22

1
3

3 ( ) sin( ) cos( )( ) 9s
J qR qR qR qRP q

qR qR

   −
= =   

    
   (2.10) 

Polydisperse spheres will have a form factor that is a weighted sum based on the particle 

size distribution. 
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 Particle form factors can also be determined experimentally at extremely dilute 

conditions. At these concentrations the spatial correlations between particles are 

negligible and the structure factor is effectively one. The SANS scattering form factor for 

80 nm polystyrene latex spheres is shown in Figure 2.5. The data are fit with a sphere 

model using the NIST Igor macros and the exact radius is found to be 40.65 nm given the 

known concentration (0.228 vol% PS) and scattering length densities (ρPS =1.518*10-6 Å-2, 

ρsovlent=6.02*10-6 Å-2).57 

 

Figure 2.5. Experimental scattering curve for 80nm polystyrene latex particles in water. 
The spherical form factor has the following fit parameters: 𝜙 = 0.228 vol% PS, R = 
406.45 Å, ρPS=1.518*10-6 Å-2, ρsovlent=6.02*10-6 Å-2 and bkg=0.0926. 
 

 The structure factor accounts for scattering due to cross correlations between 

particles. This usually occurs when the distances between particles is on the same order 
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of magnitude as the particle size. Therefore, a structure factor arises if the particles are 

concentrated or if they are assembled in close proximity. Most information about the 

particle arrangement is given in the low q portion of the scattering curve. At high q, the 

structure factor goes to 1 so that the resulting scattering intensity matches the form factor. 

Figure 2.6 shows an example of a form factor for 80 nm polystyrene latex particles (P(q)) 

and the structure factor for a 0.25 vol% PS latex stabilized hexadecane emulsion at a pH 

of 2.5 and 20 mM NaCl (S(q)). The overall intensity curve is a product of the form factor 

and structure factor. 

 

Figure 2.6. The SANS profile (dotted) of a 0.25 vol% PS latex (R=40 nm) stabilized 
hexadecane emulsion at a pH of 2.5 and 20 mM NaCl is the product of the form factor of 
the single PS latex particles (solid) with the structure factor of the particle positions 
(dashed). 
 

 If the particles are ordered in a crystalline arrangement, a correlation peak will 

form. The peak arises when the interference patterns from a highly ordered sample 



23 
 

combine constructively. The particle spacing within the crystalline arrangement, d, can be 

roughly approximated by the location of the correlation peak using Equation 2.11. 

     2

peak

d
q
π

≈      (2.11) 

Scattering models should be used to obtain quantitative structural information 

from the experimental data. In this dissertation, two models will be used to analyze 

scattering data. The classic Debye Model is used to model the scattering of structures 

composed of spherical subunits. This approach is used to analyze the self-assembled gold 

particles described in Chapter 3. In principle, the Debye Model can also be used to study 

the particle-stabilized emulsions discussed in Chapter 5, however, this approach becomes 

quite cumbersome with the number of particles involved in each emulsion droplet. 

Therefore, we developed a Pickering Model that can be used to accurately determine the 

structure of particle-stabilized emulsions.58 

 

 

2.2 Debye Model 

 The Debye Model is the simplest model used for complexes made up of spherical 

particle subunits.59 It accounts for correlations between particles based on the separation 

distances between each particle in the complex. This model is used in combination with a 

form factor model that describes the size and shape of the particles. In this case we use 

Rayleigh’s equation for monodisperse spherical particles.60 Equation 2.12 is a simplified 

Debye Equation for clusters consisting of identical spherical particles.59 F(q) is the 

scattering contribution for a sphere given by Equation 2.13, where ∆ρ is the scattering 

contrast, V is the volume of one subunit, q is the scattering vector and R is the radius. In 
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these equations, rij is the separation distance between the centers of particles i and j. We 

developed models for nine possible cluster geometries that are used in Chapter 3: doublet, 

triplet, tetrahedral, trigonal dipyramidal, octahedral, pentagonal dipyramidal, snub 

disphenoid, triaugmented triangular prism and gyroelongated square dipyramid. For each 

configuration, x is the nearest neighbor separation distance. As an example, the Debye 

Model equation for a doublet is given in Equation 2.14 where x is the distance between 

the centers of the two particles. A schematic of the particle separation distance 

determination for each cluster geometry and its corresponding equation is shown in 

Figure 2.7. Figure 2.8 shows the calculated scattering curves for each cluster geometry. 

 

  ( ) ( ) ( )
1

2

1 1 1

 2 ( )
N N N
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i i j
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Figure 2.7. Schematic of cluster geometries and corresponding equations for particles of 
identical size and shape.  
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Figure 2.8. Calculated scattering profiles for expected particle geometries using the 
Debye Model. 

 

For Pickering emulsions, we can model the scattering for a large oil droplet 

decorated with smaller particles on the surface with the Debye equation. The form factor 

of each spherical subunit, F(q), is again given by Equation 2.13. In the Debye equation 

for this system (Equation 2.15), the first two terms account for the scattering 

contributions of the oil droplets and particles respectively. The third term is the cross-

correlations between the oil droplet and individual particles and the last term is the cross-

correlations of particles within the shell where N is the number of particles, rij is the inter-

particle distance and δ is the particle penetration depth. As an example, Figure 2.9 shows 

scattering curves that are calculated for an emulsion with 1 μm contrast-matched oil 

droplets and several particle loadings. The particles are assumed to be equally spaced and 

the coordinates of each particle is determined using the GenCoords algorithm. 
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Figure 2.9 Comparison of predicted scattering based on Debye Model for an emulsion 
with contrast-matched oil with varying numbers of equally-spaced adsorbed particles. 
Parameters used for the modeling are Ro=500 Å, Rp=20Å, ∆ρo=0, ∆ρp=2.55E-6Å-2, δ=0. 
 

 

2.3 Pickering Model 

 Small angle scattering is an ideal technique for studying particle-stabilized 

emulsions, however a good structural model did not previously exist for characterizing 

these systems. Here we develop the Pickering Model that analytically describes the small 

angle scattering of Pickering emulsions and raspberry particles where the central core has 

a different scattering length density than the spherical particles decorating the surface and 

than the surrounding solvent.58 The model combines relatively simple self correlation and 

cross terms for spherical particles into an overall form factor for the entire complex. The 
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model can be used to describe the scattering signal over the complete q range and at any 

arbitrary contrast value. With this model, we can also evaluate the sensitivity of 

scattering experiments such as Small Angle X-ray Scattering (SAXS), Small Angle 

Neutron Scattering (SANS) and Ultra-Small Angle Neutron Scattering (USANS) to 

various levels of particle adsorption and to the penetration depth of the particles. Still, in 

its present form, the model is limited in that it cannot account for strong particle 

correlations in the plane of the interface such as those that occur when 2D hexagonal 

crystals are formed. 

Figure 2.10 shows a schematic of a large oil droplet surrounded by several smaller 

particles forming a structure similar to that of Pickering emulsions. In order to calculate a 

new form factor for the entire complex, the self-correlation terms of the oil, the self-

correlation terms of the particles, the correlation terms between different particles and the 

cross terms between oil and particles all need to be calculated.  

 

Figure 2.10. A schematic drawing of a Pickering emulsion oil-particle complex where δ 
is the penetration depth of the particle. 
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All terms are calculated based on the classic Debye equation.59 In a way that is 

analogous to Pedersen's derivation of the scattering of a particle with Gaussian chains, we 

consider two infinitely thin shells of radii R1 and R2 separated by distance r.61 The general 

structure of the equation is then the form factor of the two shells multiplied by the phase 

factor that accounts for the separation of their centers.  

   1 2

1 2

sin( ) sin( ) sin( )( ) qR qR qrS q
qR qR qr

=     (2.16) 

In our case, the oil and the particles in the emulsion are solid spheres rather than 

thin shells. Therefore, the first two terms must be integrated over Ro and Rp respectively 

using the weighting function of a sphere (p=4πR2). The integration and normalization 

yields the functions Ψo and Ψp shown in Equations 2.17 and 2.18.60, 62-66 
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The cross term between the oil and the particles is also derived from the Debye 

equation. Here we initially assume that the particle is wet equally by the oil and water 

phases so that the particle center lies exactly at the interface. In this case the phase factor 

is integrated over Ro because that is the separation between the centers of the oil and the 

particles. 

sin( )o
op o p

o

qRS
qR

= Ψ Ψ      (2.19) 
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The cross term between two particles is slightly more complex. The phase factor 

in this expression must be averaged over the pair distance distribution function of an 

infinitely thin shell with radius Ro. The particles are assumed to be mobile and evenly 

distributed around the oil droplet surface. Therefore, the thin shell probability function is 

used as an approximation because the particle positions in a real emulsion are time and 

ensemble averaged. Convolution of the expressions for the thin shell and the sphere 

results in the following particle-particle correlation term:  

2
2 sin( )o

pp p
o

qRS
qR

 
= Ψ  

 
     (2.20) 

This treatment of the phase factor limits the ability of the model to simulate strong 

correlations in the plane of the interface such as those that could occur due to hexagonal 

close-packing organization. 

 The equations derived above assume that the particles sit exactly at the center of 

the oil-water interface. In Pickering emulsions, the penetration depth of the solid particles 

into the oil will likely depend on how well the particle surface is wet by both fluids 

(contact angle). Similarly, raspberry colloids could also have the small spherical particles 

sitting at different positions depending on the method of synthesis.67 Therefore, it is 

necessary to adjust the position of the particles to simulate variability in penetration depth. 

This effect can be modeled by replacing Ro in the phase factor with an effective radius 

Ro+δRp where -1 ≤ δ ≤ 1.61 
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 An important parameter in the characterization of Pickering emulsions is the 

percentage of oil surface area that is covered or shadowed by solid particles. Even when δ 

is non-zero, the particles will still prevent other particles from using the surface that is 

shadowed by their cross section as illustrated in Figure 2.10. Therefore, in this model we 

use the effective radius, Ro+δRp, to calculate the fraction of interfacial area covered ( χ ) 

in order to describe the extent of particle packing. The maximum coverage possible with 

hexagonally close-packed monodisperse particles is approximately 0.90. The fraction of 

area that is covered is calculated according to Equation 2.23 where ϕp
T is the volume 

fraction of particles, ϕo is the volume fraction of oil in the total volume and ϕp
a is the 

fraction of the total particles that are adsorbed at the oil-water interface. 

4 ( )T a
p p o p

o p

R R
R

φ φ δ
χ

φ
+

=     (2.23)  

The number of particles at the surface of a single oil droplet, Np, is calculated as a 

function of the fraction area coverage ( χ ) where Vo is the volume of a single oil drop and 

Vp is the volume of a single solid particle. 
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 The form factor of the entire complex can now be calculated using Δρo and Δρp as 

the excess scattering length densities of the oil and the particles where Δρo=│ρo-ρs│and 

Δρp =│ρp-ρs│. The prefactor, M, is the total scattering length of the whole complex. 
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Equations 2.23-26 can be used directly to evaluate and model the scattering of raspberry 

particles. On the other hand, Pickering emulsions will usually have an excess of free 

particles that are not adsorbed. The final expression for the scattering of monodisperse 

Pickering emulsions is given in Equation 2.27 where the first term represents the 

scattering of the core-particle complex and the second term represents the free particles.  

( )2 2 2 2

( ) ( ) ( )

( ) ( ) ( ) (1 )( )

Mono Mono Mono
Total op p

Mono T a T a
Total o o o p p p p p op p p p p p

I q I q I q

I q V N V P Vφ ρ φ φ ρ φ φ ρ

= +

= ∆ + ∆ + − ∆ Ψ
 (2.27) 

 In real systems, particularly in the case of Pickering emulsions, the spherical core 

will have significant polydispersity. Therefore, we must define Iop(q) for the oil-particle 

complex as  

   ( ) ( ) ( , )Poly Mono
op opI q f R I q R dR= ∫           (2.28) 

where ƒ(R) is a Gaussian distribution to describe radii and the remaining terms inside the 

integral are the scattering contribution of the core-particle complex. 
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   (2.29) 

The total scattering of the core-particle complexes and free particles in solution is then 

given by 

   ( ) ( ) ( )Poly Poly Mono
Total op pI q I q I q= +      (2.30) 

The average core volume, 0V , is calculated outside of the integral, where p=σ /Ravg. 

The average core volume is then used to determine the average number of particles at the 

interface, Np, and the fraction of particles adsorbed at the interface, χ . 

   3 3 24 4 (1 3 )
3 3o oV R R pπ π

= = +     (2.31) 
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 The Pickering model is not designed for systems where the small particles are 

highly polydisperse. Polydispersity of the small adsorbed particles is much more 

challenging to account for because the model needs to include individual particle-particle 

correlation terms for every type of particle pair. Additionally, it is well known that the 

energy of adsorption of particles at oil-water interfaces scales with R2.68 Therefore, 

preferential adsorption of larger particles could be expected to occur for polydisperse 

particles. For these two reasons, the model should not be used in the case of highly 

polydisperse small particles. 

 It should be noted that these equations do not account for the smearing that occurs 

due to the finite resolution of real scattering instruments. Smearing effects need to be 

considered when the model is used to fit any real scattering data. Fortunately, curve 

fitting with instrumental smearing for this and any arbitrary model can be easily 

performed with free software routines that take into consideration the resolution function 

of individual instrument configurations.57 

 

 
2.3.1 Applications of Model 

 The need for a scattering model that can effectively describe these particle 

complexes is highlighted by considering the core-shell model that is frequently used to fit 

emulsion interfaces (Figure 2.11). An equal scattering length is used to compare the 

raspberry model to the uniform spherical core-shell model. As expected, the core-shell 

model does a good job approximating the scattering in the low q region. However the 

models deviate significantly in the intermediate and high q range. Note that the largest 
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deviations occur in the SAXS and SANS range. Therefore, the Pickering model described 

above is essential to accurately model the scattering curves over the full angular range.  

 

 

Figure 2.11. Comparison of core-shell model and Pickering model for Ro=5000 Å core 
with Rp=100 Å particles adsorbed at the surface. The calculation assumes 5% of the core 
surface area covered by particles. In the core-shell model an average shell thickness of 
200 Å is used with an average excess scattering length density of 8.60E-6 Å-2. The 
Pickering model assumes χ =0.05, δ=0, ϕp

T=0.0002, ρp= 2.0*10-8 Å-2, ρo= 7.55*10-6 Å-2, 
and ρw= 9.46*10-6 Å-2. For the core-shell model the scattering length densities are ρshell= 
8.6*10-6 Å-2, ρcore= 7.55*10-6 Å-2, and ρsolvent= 9.46*10-6 Å-2. 
 
 

The predicted scattering signal for raspberry particles was also compared to that 

of spherical particles in order to determine the sensitivity of SANS and SAXS to these 

structural differences. Raspberry particles resemble a bumpy sphere when the core and 

particles have equal scattering length densities. Therefore, a solid sphere model might be 

considered a crude approximation to the real structure. Figure 2.12 illustrates the 

differences between the Pickering and the solid sphere models. The parameters used for 

the raspberry complex were Ro=500 Å, Rp=200 Å, χ =0.8 and Δρo=Δρp=9.44E-6 Å-2 
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(SAXS contrast). For the spherical model approximation we consider a radius (548 Å) 

that is equal to the volume average radius of the whole raspberry particle. Throughout 

most of the q range, the spherical model deviates significantly from the Pickering model. 

The differences between the two models are amplified when the decorating particles are 

larger relative to the core radius and when less of the core surface area is covered. For 

some samples these details may be lost due to the low resolution of some scattering 

instruments or due to large levels of polydispersity. 

 

Figure 2.12. Comparison of the solid sphere model and the Pickering model for Ro=500 
Å, Rp=200 Å, ϕo=0.05, δ=1, ϕp

T=0.046, Δρo= Δρp=9.44E-6 Å-2 and χ =0.8. For the 
sphere model an average radius was assumed for the entire complex, R=548 Å. 
 
 
 Figure 2.13 shows the calculated form factor for a Pickering emulsion complex 

consisting of a spherical oil core with 50% interfacial area covered with smaller silica 

particles. The parameters describing the system are Ro=1000 Å, Rp=100 Å and ϕo=0.05 

with no free particles in solution. The particles are assumed to sit at the edge of the core 

surface with δ=1. The form factor was calculated for the case where the core material was 
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contrast matched with the solvent so only the particles scatter and for the case where the 

core material was contrast matched with silica so the core and the adsorbed particles 

scatter equally. In the high q range, the scattering due to the smaller particles at the oil 

surface dominates the signal and the three profiles become similar.  

The calculation also shows that the scattering is extremely sensitive to the 

scattering length density contrast of the core material in the low q region. The new model 

properly accounts for the excess scattering of both materials. Therefore, contrast 

matching is not critical when these values are known precisely. This is especially useful 

when performing SAXS experiments where contrast matching is challenging or not 

possible but the electron density of all phases may be known. 

 
Figure 2.13. Calculated scattering of a Pickering emulsion complex with Ro=1000 Å, 
Rp=100 Å, ϕo=0.05, δ=1, ϕp

T=0.01 and χ =0.50. The “SAXS” contrast curve used 
Δρo=1.91E-6 Å-2 and Δρp=9.44E-6 Å-2. The “Shell” contrast curve used Δρo=0 Å-2 and 
Δρp=9.44E-6 Å-2. The “Homogeneous” contrast curve used Δρo=Δρp=9.44E-6 Å-2.  
 
 

The model was also used to explore the sensitivity of the scattering data to 

changes in the contrast and structural parameters. Figure 2.14 illustrates the sensitivity of 



37 
 

particle penetration depth at the oil-water interface of a typical Pickering emulsion. The 

calculated form factor for a hexadecane droplet with silica particles located at the oil-

water interface is displayed. For the case of a large core (Ro=5000 Å) and small particles 

(Rp=100 Å), only slight changes in scattering intensity occur in the intermediate q region 

as the particles are moved from sitting entirely in the water phase to completely in the oil 

phase. As expected, it is found that the scattering of Pickering emulsions containing small 

particles is not highly sensitive to changes in the penetration depth (δ). These subtleties 

could also be difficult to distinguish due to polydispersity of the radii or due to 

instrumental smearing. This occurs because this change in penetration does not represent 

a significant alteration of the whole structure. The scattering becomes more sensitive to 

this parameter when the particle size approaches the core radius. A definite difference in 

scattering signal is observed as the particle penetration depth is changed for complexes 

with a smaller core (Ro=500 Å) and larger surrounding particles (Rp=200 Å). 

 
                        (a)                                                                   (b) 

Figure 2.14. Calculated scattering of hexadecane in water emulsion with 50% SiO2 
covering the oil-water interface (χ=0.5) where the excess scattering length densities used 
are Δρo=1.91E-6 Å-2, Δρp=9.44E-6 Å-2 and (a) Ro=5000 Å, Rp=100 Å, ϕo=0.05 and 
ϕp

T=0.002 and (b) Ro=500 Å, Rp=200 Å, ϕo=0.05 and ϕp
T=0.066. 
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From the model, it is also determined that SAXS experiments will only be useful 

when there is a large difference in electron density between the particles and the fluid 

phases. Therefore, SAXS experiments can be effectively utilized for the analysis of 

emulsions that are formed in the presence of metal nanoparticles. However, emulsions 

stabilized by oxide nanoparticles (e.g. SiO2) may not result in sufficient x-ray scattering 

contrast to accurately determine all of the structural parameters.  

A comparison of the Pickering Model to the calculated scattering intensity of 

Pickering emulsions using the Debye Model shows good agreement.  Figure 2.15 shows 

scattering curves that are calculated for an emulsion with 1 μm contrast-matched oil 

droplets and several particle loadings. The dashed lines are the Debye Model and the 

solid lines are the Pickering model. 

 

Figure 2.15 Comparison of predicted scattering from Debye Model (dashed) and 
Pickering Model (solid) for an emulsion with contrast-matched oil and varying numbers 
of equally-spaced adsorbed particles. Parameters used for the modeling are Ro=500 Å, 
Rp=20Å, ∆ρo=0, ∆ρp=2.55E-6Å-2, δ=0. 
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2.4 Summary 

 Small angle scattering is an extremely useful technique for analyzing particle size, 

shape and structure directly in the dispersed phase. Through careful material selection 

along with isotopic contrast matching, it is possible to highlight various components of a 

sample. Using this in combination with the models that are derived in this chapter, it is 

possible to determine quantitative structural information. Both small angle x-ray and 

neutron scattering will be used in this thesis to determine the arrangement of particles as 

stable clusters in water and organized at emulsion droplet interfaces.  
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Chapter 3: Scalable Synthesis of Self-Assembling Nanoparticle Clusters Based on 

Controlled Steric Interactions 

A simple method is presented for the synthesis of amphiphilic gold nanoparticles 

that self-assemble into clusters of controllable size and structure. The technique is based 

on the control of particle clustering through sequential functionalization of the surface 

with thiol-terminated polyethylene glycol (PEG-thiol) to sterically stabilize particles in 

water and short alkane-thiols rendering the particles amphiphilic. The “nanoparticle 

surfactants” are surface active and form rafts at the air-water interface and stable 

nanoparticle clusters in dispersion. It is also shown that the average structure and size of 

the clusters is directly and reproducibly controlled by the concentration of PEG-thiol 

chains that are linked to the particle surface. Shifts in the plasmon resonance peak of the 

gold nanoparticles also demonstrate that this new method for self-assembly can be 

effectively used to tune optical properties with great precision. With this new approach, 

we show that it is possible to fabricate amphiphilic nanoparticles and clusters with 

controllable structure by taking advantage of the steric stabilization that is imparted by 

surface bound polymers. The work presented in this chapter has been previously 

published as a manuscript in Soft Matter.69  

Larson-Smith, K.; Pozzo, D. C., Scalable synthesis of self-assembling nanoparticle 
clusters based on controlled steric interactions. Soft Matter 2011, 7, (11), 5339-
5347. - Reproduced by permission of the Royal Society of Chemistry.  
 

3.1 Background: Self-Assembling Particles 

 Self-assembling particles can form clusters with highly complex shapes and 

functionalities that could enable the engineering of new materials with tunable properties 

(e.g. optical and electrical).41, 44, 70-73 Several approaches are used to engineer self-
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assembled structures from particles and nanoparticles.35-42 However, there are limitations 

to each of these approaches such as high cost and low particle yield. Here we demonstrate 

a new, simple and inexpensive method to assemble gold (or coinage metal) nanoparticles 

into clusters by controlling the steric interactions that originate from surface-grafted 

polymers. 

Steric repulsion, originating from adsorbed or grafted polymers, is a frequently 

used method to stabilize colloidal dispersions. For effective stabilization, the particle 

surface is usually saturated with the adsorbing polymer so that a ‘hairy particle’ is created. 

The repulsion between polymer chains of two approaching colloidal particles alters their 

interaction potential and prevents the aggregation that would usually occur due to van der 

Waals or other attractive forces. Here we demonstrate that steric interactions can also be 

used to effectively manipulate and control the self-organization of nanoparticles into 

stable clusters or ‘colloidal molecules’. For this, we develop a novel one-pot technique 

for producing amphiphilic nanoparticles that are also able to form stable clusters through 

a spontaneous self-assembly process that is mediated by local steric interactions. Key to 

this method is the use of nanoparticle surfaces that are only partially coated with polymer 

so that the balance between colloidal attraction and steric repulsion is carefully 

manipulated. This synthetic method crudely emulates the local steric interactions that 

occur in natural proteins when they contain intrinsically unfolded peptide appendages.74 

Furthermore, the great advantage of this bulk-phase self-assembly technique lies in its 

simplicity, versatility, scalability, low-cost and the possibility of obtaining a high level of 

structural control. This technique only uses commercially available components and it is 

potentially applicable to a variety of particles and surface functionalities.  



42 
 

The new technique is based on controlling repulsive steric interactions between 

gold nanoparticles through sequential labeling of the surface with hydrophilic polymers 

and small hydrophobic thiol molecules. A schematic of the proposed process is shown in 

Figure 3.1. An amphiphilic surface coating is created without the use of amphiphilic 

molecules by taking advantage of the steric repulsion that is experienced by all surface-

bound polymers.46 In the new method, citrate-stabilized gold nanoparticles are 

functionalized with long poly-ethylene glycol (PEG) chains having a single thiol group at 

one chain end. The PEG-thiol chains maintain dispersion stability in water and also 

control the extent of particle clustering and self-assembly through local steric forces. 

After PEG-thiol conjugation, the nanoparticle surface is rendered amphiphilic by 

subsequently functionalizing the dispersion with an excess of small molecule alkane-

thiols. Because of the smaller size, the alkane-thiol can penetrate through the PEG layer 

and effectively label the remaining gold surface that has not been coated by polymer 

chains. This creates an amphiphilic particle surface with a long hydrophilic corona (PEG) 

that shields a short hydrophobic core (alkane). This labeling process spontaneously 

induces controlled clustering of the particles in the dispersion. By altering the 

concentration of PEG chains on the particle surface, we demonstrate that it is possible to 

engineer local steric forces and to control the number of particles in the clusters and their 

geometry. In addition, previous work has also shown that mixed self-assembled 

monolayers (SAMs) on gold often separate into ‘patches’ that are enriched with one type 

of thiol.75-79 Research groups continue to study the physical mechanisms that can lead to 

segregation in nanoparticle and macroscopic surfaces using simulations and 

experiments.80, 81 Based on these findings, it is also possible that PEG and alkane-thiol 
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ligands will segregate and form domains or ‘patches’ on the surface of the nanoparticles 

to affect cluster formation. Although the physical mechanism leading to clustering is still 

being investigated, this report demonstrates that this new approach results in spontaneous 

formation of ‘colloidal molecules’ at concentrations that now make them accessible for 

use in a variety of applications. 

 

Figure 3.1. Schematic representation of the new method for surface functionalization and 
assembly of gold nanoparticles. PEG-thiol chains sterically control clustering while the 
octane-thiol induces aggregation due to hydrophobic attraction.  
 

 

3.2 Experimental Methods 

Gold chloride hydrate, sodium citrate, butane-thiol, octane-thiol and dodecane-

thiol are purchased from Sigma Aldrich (St. Louis, MO) and used as received. Thiol-

terminated Poly(ethylene glycol) methyl ether (10 kDa) is obtained from Polymer Source 

(Dorval, Quebec Canada). Colloidal gold with 12 nm diameter particles are prepared by 

the citrate reduction method with a protocol that is described by Frens.82 This protocol 

produces relatively monodisperse gold particles at a concentration of 0.05 wt% in an 

aqueous buffer. The nanoparticles are then functionalized directly utilizing thiol-gold 

covalent bonding chemistry without the need for any intermediate treatment or 

purification.34, 83-85  
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Gold nanoparticles are first functionalized by addition of PEG-thiol at a polymer 

dose corresponding to a specific surface concentration in the range of 0.7-19.5 PEG 

chains/nm2 Au. The actual amount of PEG-thiol that binds to the surface is expected to be 

significantly lower as it depends on factors such as the activity of the PEG-thiol, the 

kinetics of binding and the saturation of the gold surface. The polymer doses over which 

we observe systematic changes in the data are significantly larger than what is typically 

needed to saturate the surfaces using grafting approaches (~ 1 chains/nm2 Au).83, 86 

Clearly, a large fraction of the added PEG-thiol is unable to bind to the gold surface. To 

estimate the bound polymer fraction, a representative sampling of PEG-functionalized 

gold dispersions are dialyzed to remove the unbound PEG-thiol. Subsequent Thermo 

Gravimetric Analysis (TGA) on the dried and dialyzed samples indicates that only 12.1 ± 

1.2% of the initial dose PEG-thiol is able to adsorb onto the gold particles at the 

conditions used in this work. All reported concentrations in this report correspond to a 

PEG-dose value that has been scaled according to the PEG-thiol activity determined by 

TGA. After addition of PEG-thiol, the dispersions are equilibrated for four days to allow 

the chains to fully bind to the particle surface. After labeling with PEG-thiol, the particles 

remain dispersed and no clustering occurs. An alkane-thiol (e.g. octane-thiol) is then 

added at a large excess concentration (500 octane molecules/nm2 Au) that is enough to 

bind with all of the available gold sites and to reach surface saturation.   

 In our method, the PEG-thiol chains are critical components to sterically prevent 

the uncontrolled aggregation of the nanoparticles and subsequent sedimentation. The 

lateral steric interaction of the PEG-thiol is also essential to control the resulting shape 

and morphology of the clusters. The difference in size between the hydrophilic PEG-thiol 
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(large) and the hydrophobic alkane-thiols (small) effectively creates an amphiphilic 

surface coating that is similar to that which can be created from surface-bound 

amphiphilic block copolymers. However, the new method does not require any other 

amphiphilic molecules or specialized chemistry to generate the amphiphilic particles and 

stable clusters. After one day, the formation of stable clusters is evidenced by a color 

change in the dispersions. The clusters do not aggregate any further and are stable for 

more than five months. Interestingly, in addition to forming clusters, the functionalized 

nanoparticles are also found to adsorb and form rafts at the oil-water interface. A 

schematic of the process is shown in Figure 3.1. Clusters with concentrations below 0.1 

PEG chains/nm2 Au are not stable because the available PEG-thiol is not sufficient to 

fully stabilize the clusters and the particles aggregate and sediment very quickly. This 

critical concentration is found to shift depending on the length of the PEG-thiol chain. 

Similarly, the order of ligand addition, PEG-thiol followed by alkane-thiol, is critical in 

this procedure. When the alkane-thiol is added first, or simultaneously with the PEG-thiol, 

the particles aggregate and sediment because the necessary steric stabilization from the 

PEG has not been established. 

Dynamic Light Scattering is performed using a Malvern Zetasizer Nano ZS with a 

633 nm wavelength. UV-Vis spectroscopy is carried out using a Thermo Scientific 

Evolution 300 system in the visible range (300-800 nm). Dilute 0.005 wt% gold 

dispersions in water are used in both techniques in order to allow for sufficient light 

penetration into the samples.  

Lyophilized clusters are also examined with a FEI Tecnai G2 F20 Transmission 

Electron Microscope (TEM) operating at 200 kV. Clusters are deposited on a copper 
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TEM grid with a Formvar support film by placing a drop of 0.005 wt% gold dispersion 

on the grid followed by freeze-drying. The freeze-drying process is used to avoid 

aggregation due to capillary forces experienced during drying of liquid samples. 

Small Angle X-ray Scattering (SAXS) is used to examine the structure of the 

stable nanoparticle clusters. SAXS experiments are performed in an Anton Paar SAXSess 

instrument with a line-collimation system using a Cu-Kα source with a wavelength of 

1.54 Å. SAXS experiments are performed on 0.03 wt% gold dispersions in water. The 

difference in scattering length density (SLD) of gold and water (∆ρAu-H2O=1.14E-4 Å-2) is 

much greater than PEG and water (∆ρPEG-H2O=1.80E-7 Å-2), so the gold particles 

dominate the scattering. 

 
 

3.3 Results and Discussion 

3.3.1 Cluster Formation and Characterization 

 Figure 3.2 shows the results from UV-Vis absorbance measurements for bare gold 

particles and for stable clusters. The spectrum of the original (unlabeled) gold particles 

contains the characteristic broad peak at 520 nm that forms due to the surface plasmon 

resonance.10 For labeled particles that have high surface concentrations of PEG-thiol, the 

solutions show similar spectra to the bare gold but the surface plasmon peak is shifted 

modestly to 523 nm. This slight shift is expected from the change of the local refractive 

index that results from the attachment of the PEG-thiol chains to the surface. The 

plasmon resonance peaks of PEG-functionalized gold particles without any alkane-thiol 

are also presented in Figure 2b. For these samples, the peak is independent of the PEG-

thiol dose at high concentrations. At lower concentrations there is a steady decrease of 
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the peak position to the value of the bare particles (520 nm). This is fully expected for a 

decreasing concentration of PEG-thiol at the surface and the corresponding changes in 

refractive index around the gold particles.  

The situation is very different when the alkane-thiol molecules of variable length 

are introduced to the PEG-coated dispersions. For all samples, when the concentration of 

PEG-thiol is systematically reduced, the plasmon peak shifts steadily to higher 

wavelengths indicating the formation of gold clusters. The shift in absorbance is 

indicative of an increase in size that is due to the fact that more particles are able to 

participate in clustering because the local steric repulsion is systematically reduced. 

Furthermore, the absorbance peak shift is enhanced when shorter alkane-thiols, such as 

butane-thiol, are used to induce clustering. For larger alkane-thiols, such as dodecane-

thiol, the shift in the plasmon resonance peak is less pronounced. The dependence of the 

peak shift for the different alkane-thiols suggests that the length of the thiol spacer 

accurately controls the inter-particle spacing. The controllable and reproducible changes 

in the optical properties in this model system demonstrate the potential of this new 

method for tuning the structure and properties of colloids by driving self-assembly. 
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(a)            (b) 

Figure 3.2. a) UV-Vis absorption spectra of octane-thiol functionalized clusters in water. 
b) PEG concentration dependence of absorbance peak, where the dashed line is the 
absorbance of bare gold particles and particles functionalized by no alkane-thiol, 
dodecane-thiol, octane-thiol and butane-thiol are represented by open circles, close 
squares, open triangles and closed diamonds respectively.  
 

 UV-Vis spectroscopy is also used to track the cluster formation over time. At the 

initial time of alkane-thiol addition, the spectrum looks identical to that of PEG-

functionalized gold particles.  The absorbance peak at 522 nm decreases as the alkane-

thiol penetrates the PEG corona and bonds to the gold. The shift of the peak to higher 

wavelengths occurs as the particles cluster.  The spectrum is fully developed after 24 

hours, indicating the clusters have reached their final structure.  Figure 3.3 gives the UV-

Vis absorbance spectra of 0.6 PEG chain/nm2 Au functionalized particles over time after 

the addition of octane-thiol.   
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Figure 3.3. UV-Vis absorption spectra of 0.6 PEG chains/nm2Au particles functionalized 
with octane-thiol at time 0 hours. 
 

Dynamic Light Scattering (DLS) is also used to characterize the distribution of 

hydrodynamic radii, Rh, of PEG-cluster complexes before and after octane-thiol addition 

(Figure 3.4). At high values of PEG-thiol surface concentration, the octane-thiol 

functionalized cluster size distributions are very narrow. However, they tend to 

significantly broaden as larger clusters begin to form (lower PEG-thiol concentration). 

For the lowest PEG-thiol concentration, the distribution is clearly bimodal suggesting a 

coexistence of small and very large clusters. Figure 3.5 shows the variation in the mean 

hydrodynamic size as a function of PEG-thiol concentration for samples before and after 

the addition of alkane-thiol. As expected, the mean hydrodynamic radius of bare gold 

(~6.0 nm) shifts to ~20 nm after functionalization with PEG-thiol but before alkane-thiol 

addition. This suggests that the extension of the PEG layers from the particle surface is 



50 
 

on the order of ~14 nm. This also implies that the polymers are extending out into the 

solvent and are not collapsed on the gold surface.  

As expected, Figure 3.5 also shows that the hydrodynamic size of the PEG-coated 

particles decreases with decreasing PEG-thiol concentration. A small change is expected 

because even a few bound polymer chains will still significantly alter the hydrodynamic 

radius due to the added hydrodynamic drag.81 In sharp contrast, after the addition of 

octane-thiol, Rh increases steadily as the PEG concentration decreases because more 

particles are added to the clusters when the repulsive interactions of the PEG layers are 

reduced. It should be noted that the hydrodynamic radius of the clusters obtained from 

DLS is also strongly dependent on the conformation of the PEG-thiol chains because the 

polymer corona is comparable in size to the gold particles. Additionally, at low PEG-thiol 

concentrations there are opposite effects influencing the diffusion coefficient of the 

clusters and the hydrodynamic size, Rh. As the PEG-thiol concentration decreases, we 

find that the cluster size (i.e. the number of gold particles) increases steadily as 

demonstrated by TEM and SAXS experiments. Logically, adding more particles to the 

clusters is expected to increase the hydrodynamic radius. However, the lower PEG-thiol 

concentration also creates a thinner polymer corona on all particles and this will reduce 

the hydrodynamic drag of the solvent on the particles and clusters. Finally, particle 

rearrangement occurring within the clusters can further complicate this size dependence. 
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Figure 3.4. Volume distribution of hydrodynamic radii of PEG coated particles in water 
before (dotted) and after (solid) octane-thiol functionalization obtained from Dynamic 
Light Scattering. 
 

 
Figure 3.5. Hydrodynamic radii of PEG functionalized gold before and after octane-thiol 
addition. Lines are only added to guide the eye. 
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 In order to characterize the structures of the nanoparticle clusters we also perform 

transmission electron microscopy (TEM) on dried dispersions. Figure 3.6 shows 

representative electron micrographs of lyophilized samples. The samples are freeze-dried 

to minimize interfacial clustering effects that can occur during drying of liquid 

dispersions. Unfortunately, the drying process of TEM can also cause changes to the 

cluster structures due to the collapse of the polymer layer. Nevertheless, TEM images are 

still useful to directly quantify the number of particles in each cluster and also to 

highlight some of the geometries that are obtained with this self-assembly method. 

Electron microscopy confirms that there is a mixture of conformations coexisting in the 

samples rather than a single cluster type. Histograms are created to quantify and compare 

the number of particles per cluster for each analyzed sample. As expected, the average 

number of particles per cluster is found to increase with decreasing PEG-thiol 

concentration. 

 Figure 3.6 shows typical examples of PEG-octane functionalized cluster 

structures that are observed with TEM. Only representative micrographs are shown here 

but tens of other TEM images are analyzed to demonstrate the formation of clusters in all 

samples. Depending on the PEG-thiol dose, singlets, doublets, triplets and larger clusters 

are observed. For clusters with larger number of particles, we observe that many of the 

structures have the same thermodynamically stable geometries that are observed by 

Manoharan and coworkers for micrometer-sized colloids.35  Some of the clusters in the 

electron micrographs have a tetrahedral, trigonal dipyramid or octahedral geometry for 

four, five and six particles, respectively. However, many of the clusters collapse during 

the drying process due to the removal of solvent leading to shrinking of the PEG-thiol 
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layers and also modification of the colloidal interactions that hold the structures together 

in the dispersions. The TEM substrate could also cause changes to the cluster structures. 

This motivates the use of scattering techniques to study the particle clusters directly in the 

dispersed state. Finally, another important observation from the electron micrographs is 

that the particle spacing in the clusters is quite small, and particles appear to be touching. 

This further suggests that it is unlikely to have PEG-thiol chains located between 

particles because of the reduced volume that is available. Such a PEG layer would likely 

result in significantly larger separation distances between neighboring gold particles. 
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Figure 3.6. Histograms of the number of particles per cluster for (a) 0.7 PEG chains/nm2 
Au, (b) 0.8 PEG chains/nm2 Au, (c) 1.0 PEG chains/nm2 Au, (d) 1.2 PEG chains/nm2 Au, 
(e) 1.5 PEG chains/nm2 Au and (f) 1.8 PEG chains/nm2 Au. Examples of clusters 
observed with Transmission Electron Microscopy for each sample are to the right (scale 
bar = 20 nm). 



55 
 

Small-Angle X-ray Scattering (SAXS) is used to probe the cluster structures 

directly in the dispersed state. Due to the large scattering contrast of gold relative to PEG, 

the scattering contribution in SAXS originates primarily from the shape and arrangement 

of the gold nanoparticles. Figure 3.7 shows the systematic changes that occur in the 

scattering curves as the surface PEG concentration increases. At high values of q, all of 

the data collapse, because the intra-particle correlations related to the spherical particle 

shape (form factor) dominate the scattering. In contrast, at medium and low values of q, 

there are large and systematic variations in the scattering profiles with small changes to 

the surface composition. At 1.8 PEG chains/nm2 the curve is again identical to that of 

bare gold suggesting that no clusters are formed when the concentration of PEG-thiol is 

sufficiently large. When PEG-thiol fully saturates the gold surface, the polymer chains 

sterically prevent the gold particles from clustering. As the PEG-thiol concentration is 

reduced, clusters begin to form as indicated by changes in the shape of the scattering 

profile and by systematic increases in the scattering intensity at small angles. This 

indicates that clusters containing larger numbers of particles are being formed. At low 

PEG-thiol concentrations, the formation of clusters is evident by the development of a dip 

at medium q and by a shift of the Guinier plateau towards lower values of q.  
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Figure 3.7. Slit-smeared SAXS profiles of clusters at varying PEG concentrations. The 
arrow indicates increasing PEG concentration. 
 

 In order to extract quantitative information from the SAXS profiles we compare 

the data with simple geometrical models for particle clusters. The scattering models are 

derived from the fundamental Debye Equation and from the equilibrium cluster 

configurations that are reported by Manoharan and coworkers in their seminal work using 

micrometer size particles.35, 87 The details of the calculations and the full equations for all 

of the particle cluster configurations are located in Chapter 2. The resulting curve for 

each type of equilibrium cluster configuration (from Manoharan) is plotted in Figure 3.8 

assuming a particle radius of 6 nm and a constant nearest neighbor distance of 13 nm.  
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Figure 3.8. Calculated scattering profiles for expected particle geometries using the 
Debye Model. 

 

Figure 3.9 contains examples of the predicted scattering curves based on the 

Debye model compared with the experimental SAXS curves after accounting for 

instrumental smearing.52 A predicted curve is created for each sample by weighting the 

scattering contribution of the equilibrium polyhedral configurations (Figure 3.8) with the 

corresponding abundance in the sample as obtained from histograms generated from 

TEM data. The agreement between the predicted and measured curves is excellent even 

without resorting to data fitting. At the highest concentration of PEG-thiol (1.8 PEG 

chains/nm2 Au) the data is approximated well with the model for simple isolated 

spheres.60 The only region where there is some disagreement between the data and the 

predictions is at high values of q. This is primarily caused by the assumption of a 

monodisperse particle size when it is clear in Figure 3.6 that some polydispersity in the 

primary gold particles is present. Also, the noise level in this region is greater due to the 

significant contribution of background solvent scattering. 



58 
 

 

Figure 3.9. SAXS data for (a) 0.7 PEG chains/nm2 Au, (b) 0.8 PEG chains/nm2 Au, (c) 
1.2 PEG chains/nm2 Au and (d) 1.8 PEG chains/nm2 Au. The straight lines represent 
scattering predictions (not fits) based on a weighted Debye model using the histograms 
obtained from TEM (inset graphs) and the cluster geometries predicted by Manorahan et 
al.35 
 
 

Supporting calculations are also performed to assess the sensitivity of the SAXS 

models to small changes in the distribution of the cluster sizes. Figure 3.10 shows the 

sensitivity of the scattering data to the weighting of the distribution.  Figure 3.10a shows 

the calculated SAXS predictions for Gaussian distributions that are centered on various 

mean cluster sizes with a variance of one.  This calculation shows that the SAXS data are 

quite sensitive to the average number of particles per cluster.  However, Figure 3.10b 

shows that SAXS is less sensitive to the broadness of the distribution. The primary 

disparity in scattering of cluster distributions with similar mean but different variance are 

observed in the dip at q=0.35 nm-1
, which will also be affected by instrumental smearing.  
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In all of these calculations, the prediction obtained from the experimental TEM 

histograms shows the best agreement with the data. 

 

 
(a)         (b) 

Figure 3.10. Modeled SAXS curves based on arbitrarily created Gaussian distributions to 
test the model sensitivity to (a) number of particles/cluster and (b) variance. 
 
 

The radius of gyration, Rg, for each PEG-thiol concentration is also calculated 

from the Guinier regime of the scattering curves using Equation 3.1 and shown as a 

function of PEG concentration in Figure 3.11.88  

         (3.1) 

This plot shows that Rg
SAXS of bare gold and 1.7 PEG chains/nm2 Au are essentially 

equivalent because most of the scattering contributions originate from the gold particle 

core and there is no clustering at high PEG-thiol concentrations. As the PEG-thiol 

concentration decreases, the Rg
SAXS of the clusters grows systematically. Rg

SAXS could not 

be calculated for PEG-thiol concentrations below 0.5 chains/nm2 because a scattering 

plateau is not reached at qmin of the instrument. This suggests that the average cluster size 

in this region is larger than the resolution of the instrument (~15 nm). The systematic 
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change in hydrodynamic radius found with DLS (Rh
DLS) is less pronounced because the 

PEG corona dominates the measurement and this is affected to a smaller extent by the 

number of particles in the cluster. 

 
Figure 3.11. Radii of gyration and the average hydrodynamic radii of clusters measured 
using SAXS and DLS respectively. The dashed line indicates the Rg

SAXS of bare gold. 
 
 
 Scattering, spectroscopy and electron microscopy all suggest that PEG chains are 

not likely to be located in the small space between gold particles in the clusters. The 

models for the scattering profiles that match the SAXS data are calculated assuming a 

constant nearest neighbor distance of 13 nm. This corresponds to an assumed separation 

distance of 1 nm between particle surfaces to simulate the spacing induced by the alkane-

thiol molecules between neighboring gold particles. Because of the large size of the 

polymer chains, the distance between particles should be significantly larger if PEG 

chains were also located in this region. The electron micrographs (TEM) also show 

nearly close-packed particles in the clusters. This further suggests that most of the PEG 
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chains likely reside on the out-facing sides of the particles in the clusters. UV-Vis 

spectroscopy provides additional evidence for this PEG conformation because the inter-

particle spacing is found to be very sensitive to the alkane-thiol chain length (Figure 

3.2b). The magnitude of the shifts in the plasmon resonance, to higher wavelengths, is 

observed to increase with decreasing alkane-thiol length (i.e. butane-thiol > octane-thiol 

> dodecane-thiol). This magnitude of sensitivity to changes in alkane-thiol length would 

not be expected if the bulky PEG chains were also located in the spaces between particles. 

While the exact mechanism for obtaining this conformation is still unknown, we believe 

that our data suggest that PEG-thiol chains are somehow segregated from the alkane-thiol 

layers on the gold surface.  

 

3.3.2 Mechanism and Sensitivity to Environment 

Many alternative mechanisms could also explain the formation of particle clusters 

in colloidal dispersions such as those studied here. For example, in the work of Stradner 

and colleagues, short-range attraction and long-range electrostatic repulsions are balanced 

to induce spontaneous clustering.50  In their work, the attractive interactions of the 

globular protein lysozyme are enhanced by decreasing the sample temperature. Salt 

concentration also controls the electrostatic repulsion by decreasing the Debye screening 

length, so higher salt concentrations in this system can lead to cluster instability due to 

increased cluster-cluster interactions. The average number of particles in their clusters is 

demonstrated to change as a function of the environmental conditions (i.e. salt and 

temperature).  Changes in temperature and salt were used to investigate this as a possible 

clustering effect in our system. In contrast to the work of Stradner, the clusters formed in 
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this study are found to be largely unaffected by changes in temperature (over 5-50 °C) as 

demonstrated with SAXS in Figure 3.12.  Similarly, the ionic strength (0-50 mM NaCl) 

of the dispersed phase had no effect on the cluster structure as shown in Figure 3.13. 

Therefore, it is likely that these are kinetically arrested cluster structures under these 

conditions. We can conclude that charge is not a primary means of stabilization in this 

system.  

 
Figure 3.12. SAXS experimental curves for an octane functionalized 0.7 PEG chains/nm2 
Au clusters at varying temperature. 
 

 

Figure 3.13. SAXS experimental curves for an octane functionalized 0.7 PEG chains/nm2 
Au clusters in dispersed phases of increasing NaCl concentration. 
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Depletion attraction, due to non-adsorbing polymer, can also compete with 

electrostatic repulsion and lead to stable cluster formation. Stradner also demonstrates the 

manipulation of this short-range attraction in the formation of equilibrium clusters.50 

Although this is a possible mechanism in other systems, depletion attraction due to 

unbound ‘free’ PEG-thiol is likely not a factor in our system due to the very low 

concentration of polymer that is used (< 0.1 wt%). Additionally, the clustering behavior 

in samples after extensive dialysis (i.e. removal of all free PEG-thiol) is found to be 

identical to the behavior of samples that still have unbound PEG-thiol in the solution (not 

dialyzed) as shown in Figure 3.14. Therefore, depletion attraction effects cannot explain 

the clustering in our system. 

  

 

Figure 3.14. SAXS experimental curves for an octane functionalized 0.7 PEG chains/nm2 
Au clusters before and after the removal of unbound PEG. 
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 Clusters from Janus particles with bipolar charge have also been shown to form 

spontaneously by Hong and coworkers. Furthermore, these cluster structures also have 

similar geometries to those observed by Manoharan.35, 41, 44 In that system, the clustering 

is induced by the electrostatic attraction of opposite surface charges located on opposite 

hemispheres of micrometer sized colloids.  From TEM, UV-Vis and SAXS data, we also 

suspect that nanoparticles functionalized with PEG-thiol and alkane-thiol may also have 

segregated regions. Unfortunately, the nanometer size scale of the particles in our system 

makes the characterization of the exact surface composition a very challenging task. In 

addition to size, there are also other significant differences between these two particle 

cluster systems.  Hong and co-workers use Janus particles with bipolar surface charges, 

so that ‘unlike’ sides of the hemispheres will come to contact due to electrostatic 

attraction.  In our system, it is the ‘like’ parts of the particles that are attracted to each 

other due to hydrophobic attraction. In addition, the polymer chains in our system play an 

essential role by maintaining colloidal stability and by controlling the aggregation of 

additional particles via steric repulsion. Therefore, the clustering effect in our system is 

more akin to surfactants forming micelles. We show that the polymer is key to 

controlling the shape and the extent of aggregation due to controlled steric interactions. 

Altering the PEG-thiol concentration on the surface of the particles is analogous to 

changing the packing parameter for surfactants that form micelles. Therefore, we are 

presenting a novel mechanism for manipulating the cluster structure through controlled 

steric interactions of surface-bound polymers. 
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3.3.3 Expansion of Method to Other Systems 

 The amphiphilic particle synthesis method utilizing polymer steric hindrance can 

also be expanded to self-assemble other particle systems. The approach is most easily 

adaptable to other metallic nanoparticles that also covalently bond with thiol molecules. 

Silver nanoparticles (r = 7.5) are shown to form clusters when functionalized with dose 

PEG-thiol concentrations in the range of 0.5-5 chains/nm2Ag and octane-thiol. Figure 

3.15a shows the hydrodynamic radii of PEG-functionalized silver particles without 

alkane-thiol increases with PEG-thiol concentration as determined by DLS.  Conversely, 

the hydrodynamic size of octane-thiol functionalized particle increases as the PEG-thiol 

concentration is reduced because larger clusters are forming.  This trend is identical to the 

one observed for gold particles.  Similarly, SAXS also indicates larger clusters are 

forming at low PEG-thiol concentrations.  Unfortunately, the particles used for this 

synthesis were polydisperse making the data difficult to quantitatively interpret.  Still, 

Figure 3.15b shows that particles with lower PEG-thiol concentrations have more 

dramatic changes in the scattering curves compared to bare silver due to the inter-particle 

correlations.  These preliminary data indicate that the general approach of using lateral 

steric hindrance to control particle clustering can be expanded to other particle materials. 
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                                    (a)                                                                    (b) 
Figure 3.15 a) Hydrodynamic radii of PEG-functionalized silver before and after octane-
thiol addition. Lines are only added to guide the eye. b) Slit-smeared SAXS profiles of 
clusters at varying PEG-thiol concentrations.  
 
 
 The synthesis approach can also be modified to make clusters with mixed particle 

types and sizes.  In one example, large gold nanoparticles were decorated with smaller 

gold particles to form a ‘raspberry’ structure. Here, 12 nm diameter gold particles were 

functionalized with a dose PEG-thiol concentration of 7.5 chains/nm2Au.  The PEG-

functionalized particles were then mixed directly with large bare gold particles (r = 23 

nm) at a ratio of 84 small particles for each large particle.  This ratio corresponds to 

enough small particles to be close-packed on the surface of the large particles.  The 

particles were then clustered by octane-thiol functionalization.  A representative TEM 

micrograph is shown in Figure 3.16.  While it is clear that the small particles do not 

completely cover the large particle, we still see a structure that is a composite of the two 

particles.  Much more optimization is needed to control the exact cluster structures.  Still, 

this result shows it is possible to further expand this technique to mixed systems. 
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Figure 3.16 Representative TEM micrograph of a characteristic gold ‘raspberry’ 
composite particle. 
 

3.4 Summary  

 The new technique for forming particle clusters described in this chapter is based 

on structural control through tuning of the steric interactions in amphiphilic particles. The 

lateral steric hindrance of the bulky PEG-thiol chains limits particle aggregation and also 

manipulates the structure of the clusters. Subsequent functionalization of the particles 

with short hydrophobic alkane-thiol chains renders them amphiphilic and induces stable 

cluster formation. The concentration of PEG-thiol on the surface is shown to effectively 

control the cluster size and to affect the structural arrangement. The structural analysis of 

the clusters shows that this control is based on balancing the attraction induced by the 

hydrophobic alkane-thiol layers with the steric repulsion of the long polymeric chains. 

Scattering and stability assessment also indicates that there is a lower limit to the 

concentration of PEG-thiol that is needed to sterically stabilize the particle clusters in 

aqueous dispersions. Clusters with small numbers of particles form spontaneously, 
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systematically and reproducibly at higher PEG-thiol concentrations. Nevertheless, there 

is significant polydispersity of the clusters that warrants further investigation. Clusters 

containing large numbers of particles (N >> 6) are also formed at low PEG-thiol surface 

concentrations but their stability against sedimentation is lower and their structure is 

difficult to quantify from scattering alone.  

The new approach for creating sterically stabilized amphiphilic particles offers 

great promise for the development of a variety of stable self-assembling clusters. It has 

been shown that the clusters are stable in dispersion and are not susceptible to further 

aggregation with time. Furthermore, we show that the structure of the clusters can be 

effectively tuned through variation of the surface composition. Scattering experiments 

and TEM suggest cluster structures that are in agreement with the results of Manoharan 

and coworkers but in the nanometer scale.35 We believe that the simplicity of this novel 

method for creating amphiphilic particles will allow bottom-up self-assembly strategies 

to be more broadly adopted by the general scientific community. 
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Chapter 4: Competitive Adsorption of Thiolated Polyethylene Glycol and Alkane-

thiols on Gold Nanoparticles 

The surface concentration and conformation of thiol terminated polyethylene 

glycol (PEG) on gold nanoparticles are studied after co-adsorption of alkane-thiols. 

Thermogravimetric analysis (TGA) indicates alkane-thiol ligands will competitively 

adsorb on gold surfaces of nanoparticles and the extent of PEG-thiol replacement 

depends on the specific length of the alkane-thiol. The extension of the polymer is also 

affected by the length and packing density of the alkane-thiol. Dynamic light scattering 

(DLS) shows that the hydrodynamic size of coated particles has an intermediate 

maximum for the adsorption of octane-thiol, which also forms the most densely packed 

alkane-thiol monolayer. These two factors greatly impact the geometry and the formation 

of clusters by nanoparticle surfactants. Small angle x-ray scattering (SAXS) shows that 

the largest clusters are formed when particles have a low PEG-thiol surface concentration 

and an extended PEG conformation. The work presented in this chapter has been 

submitted for publication as a regular article in Langmuir entitled “Competitive 

Adsorption of Thiolated Polyethylene Glycol and Alkane-thiols on Gold Nanoparticles”. 

Reproduced with permission from Langmuir, submitted for publication. Unpublished 

work copyright 2012 American Chemical Society. 

 

Chapter 4.1 Background 

Controlling the properties of molecular monolayers on solid surfaces is critical for 

many applications including wear resistant coatings, corrosion protection and protein 

repellent biomedical devices.89-91 One of the most commonly used surface treatments is 
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to form self-assembled monolayers (SAMS) with ligand molecules that chemisorb onto 

surfaces.92, 93  These surface coatings are particularly easy to form on gold substrates via 

thiol-gold covalent bonding and by functionalizing the desired ligand with a terminal 

thiol group. Gold decorated with poly(ethylene glycol) (PEG) is particularly useful in 

biomedical applications because it can significantly enhance biocompatibility.94 The 

presence of surface-bound PEG is shown to reduce the non-specific physisorption of 

proteins on metal surfaces, which reduces the immune response and tissue 

inflammation.94, 95 Thus, it is important to understand and characterize the effects of PEG 

grafting density and chain conformation on gold nanoparticles. Furthermore, it is also 

common to functionalize surfaces with mixtures of ligands to induce multifunctionality in 

the SAMS coating. For cancer therapies, ligands with cell-targeting capabilities are used 

to decrease toxicity and improve treatment efficiency.94 Therefore, it is critical to 

understand how mixtures of thiol molecules adsorb and interact with each other in 

surfaces. 

 Prior work has demonstrated that surface-bound thiolated ligands are mobile on 

gold surfaces and that mixtures of immiscible ligands will often segregate.78, 96 More 

recently, it has been shown that chemically distinct ligands on gold nanoparticle surfaces 

will spontaneously form ordered striped patterns.77, 91, 97  However, there is also new 

evidence suggesting that bound thiol molecules are more likely to desorb from gold 

surfaces and exchange positions with unbound thiol ligands than they are to diffuse along 

the gold surface. Schlenoff and colleagues characterized the self-exchange of surface-

bound radiolabeled thiols with unlabeled thiols in solution.98 Hackley et al. showed that 

chemically different thiol molecules will also competitively adsorb onto gold particles.81, 



71 
 
99  They showed that previously bound PEG-thiol could be subsequently removed by 

adsorbing mercaptopropionic acid and that the extent of replacement was controlled by 

the concentration of mercaptopropionic acid in solution. These findings are critical to 

enhancing our understanding of the behavior of multicomponent PEG-functionalized 

nanoparticle systems. 

 In Chapter 3, we presented a new scheme for synthesizing self-assembling gold 

nanoparticle surfactants using thiol molecules.69 The method involves first 

functionalizing the particles with a controlled amount of PEG-thiol at concentrations 

below particle surface saturation that sterically stabilizes the particles in water. The 

particles are subsequently functionalized with an alkane-thiol rendering them amphiphilic. 

In a manner analogous to molecular surfactant micelles, these nanoparticle surfactants 

form clusters with their hydrophobic alkane-coated regions in the center of the cluster. 

This is shown schematically in Figure 4.1. Additionally, it was found that the 

concentration of PEG-thiol on the gold surface controls the aggregation number of the 

clusters. The PEG chains sterically prevent particles from aggregating and this forces 

approaching particles to bind in regions that are not covered by polymer. We previously 

showed data suggesting that the two thiol molecules, PEG and alkane-thiol, must be 

partially segregated on the gold surface. Spectroscopy results show that the inter-particle 

spacing is controlled by the length of the alkane-thiol, which acts as a molecular spacer 

between close-packed particles in the clusters. In order to further control the cluster 

structure and self-assembly, it is important to fully understand the competitive adsorption 

of thiolated ligands on the gold particle surface. Furthermore, because steric interactions 
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affect particle binding, studying the conformation of tethered PEG chains as a function of 

concentration and surface composition is also critical to controlling clustering behavior. 

 

 

Figure 4.1. Schematic comparison of cluster and micelle structures formed in 
nanoparticle surfactants and in traditional molecular surfactants. The aggregation number 
in both systems is controlled by geometric parameters. For nanoparticle surfactants these 
correspond to the polymer conformation and the surface concentration.  
 

 In this chapter, we demonstrate that alkane-thiol molecules will competitively 

adsorb onto gold surfaces and replace previously bound PEG-thiol. Furthermore, the 

extent of thiol replacement is strongly dependent on the length of the alkane-thiol. 

Shorter alkane-thiol molecules are found to replace larger amounts of PEG-thiol than the 

longer alkane-thiol molecules. We also show that the conformation of the PEG-thiol is 

influenced to a large extent by the length of the alkane-thiol. Particles functionalized with 

alkanes of intermediate lengths (e.g. hexane-thiol and octane-thiol) cause the bound PEG 
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to have a more extended conformation. As expected, these factors have a profound 

impact on cluster formation and on the aggregation number of particles in each cluster. 

 

4.2 Experimental Methods 

Sodium citrate, auric chloride, butane-thiol, hexane-thiol, octane-thiol, decane-

thiol, dodecane-thiol and tetradecane-thiol are purchased from Sigma Aldrich (St. Louis, 

MO) and used as received. Thiol terminated poly(ethylene glycol) methyl ether of 10 kDa, 

containing a single thiol group, is obtained from Polymer Source (Dorval, Quebec 

Canada). Monodisperse gold nanoparticles (r = 5.5 nm) are synthesized in aqueous buffer 

following the procedure described by Frens et al.82 Particles are subsequently 

functionalized using thiol-gold covalent bonding chemistry. First, the particles are 

functionalized with PEG-thiol at dose concentrations ranging from 1 to 20 PEG 

chains/nm2 Au. The particle dispersions are then divided into seven aliquots, six of which 

are functionalized with alkane-thiols ranging in length from 4 to 14 carbons. The alkane-

thiol is added at an excess concentration that is enough to bind with all of the available 

gold sites and to reach surface saturation (700 molecules/nm2 Au). All samples are then 

dialyzed to remove any unbound thiol ligands. All experiments are performed in 

triplicates. The first set of samples are dialyzed using pressure diafiltration (Millipore) 

and are passed through a 50 kDa PBTK membrane 20 times. The other two data sets are 

dialyzed using 50 kDa cellulose ester dialysis tubing from Spectrum Laboratories with 5 

solvent exchanges that lasted one day each. Different dialysis methods were used to 

corroborate that all un-bound molecules were removed from the samples. All three trials 

have remarkable reproducibility and the average values are presented. 
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Thermogravimetric Analysis (TGA) is performed on dialyzed and lyophilized 

samples. TGA is completed with a TA Instruments TGA-Q50 using a ramp rate of 1 

°C/minute and a nitrogen flowrate of 40 mL/minute. The hydrodynamic radii and 

electrophoretic mobility of particles are measured with a Malvern Zetasizer Nano ZS 

(Worcestershire, United Kingdom) with a laser wavelength of 633 nm. A folded capillary 

cell (DTS 1060) was used for measuring the electrophoretic mobility. Zeta potentials of 

the particles are calculated from their mobility using the Hückel approximation.100 

Lyophilized clusters are also examined with a FEI Tecnai G2 F20 Transmission 

Electron Microscope (TEM) operating at 200 kV. Clusters are deposited on a copper 

TEM grid with a Formvar support film by placing a drop of 0.005 wt% gold dispersion 

on the grid followed by freeze-drying. The freeze-drying process is used to avoid 

aggregation due to capillary forces experienced during drying of liquid samples. 

Small-Angle X-ray Scattering (SAXS) is used to examine the particle 

arrangement of the stable clusters in aqueous dispersion. SAXS is performed on an Anton 

Paar SAXSess (Graz, Austria) using a line-collimated Cu-kα source with a wavelength of 

1.54 Å. The difference in scattering length density of gold and water (∆ρAu-H2O=1.14*10-4 

Å-2) is much larger than PEG and water (∆ρPEG-H2O=1.80*10-7 Å-2), so the scattering 

intensity comes primarily from the particles.  
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4.3 Results 

4.3.1 Thiol Surface Adsorption 

 The surface adsorption of thiols is quantified using TGA on particles that had 

been previously lyophilized to remove the water phase. For these measurements, particles 

are initially functionalized with a dose concentration of 20 PEG chains/nm2Au, which is 

enough PEG-thiol to ensure that the gold surface is fully saturated. Subsequently, 

particles are functionalized with an alkane-thiol that is added in large excess (700 

molecules/nm2Au). After functionalization, the particles are dialyzed to remove any 

unbound PEG-thiol and alkane-thiol that is either never adsorbed to a particle or that may 

be desorbed from the surface as it is displaced through competitive adsorption. Figure 4.2 

shows there is a clear decrease in PEG-thiol concentration when tetradecane-thiol is 

added. Particles that are fully saturated with PEG-thiol initially have a surface 

concentration of 2.0 ± 0.29 PEG chains/nm2Au. After functionalization with tetradecane-

thiol, the concentration is reduced to only 0.87 ± 0.01 PEG chains/nm2Au. Additionally, 

two separate decays are observed for the amphiphilic particle corresponding to the 

alkane-thiol at 230 °C and the PEG thiol at 380 °C. These decays occur at the same 

temperature as those measured on particles that are only functionalized with tetradecane-

thiol or PEG-thiol. The significant decrease in PEG surface concentration measured by 

TGA suggests that the alkane-thiol must competitively adsorb onto the gold surface and 

replace previously bound PEG-thiol. We also note that there is a very large surface 

concentration of tetradecane-thiol in amphiphilic particles, suggesting that the alkane-

thiol must also replace citrate molecules that stabilize the bare gold nanoparticles. 
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Figure 4.2. TGA profile of tetradecane-thiol (dashed), PEG-thiol (dotted) and both 
tetradecane –thiol and PEG-thiol (solid) functionalized gold samples after extensive 
dialysis to remove unbound ligands and after freeze-drying (lyophilization). The dose 
concentrations of each ligand are 700 tetradecane molecules/nm2Au and 20 PEG 
chains/nm2Au. 
 

 Similar TGA experiments are also performed using alkane-thiols of different 

chain length to render the particles amphiphilic. Figure 4.3a shows the surface adsorption 

of PEG-thiol as a function of the number of carbons in the alkane chain. We clearly see 

that alkane-thiols of different size replace the surface-bound PEG-thiol to different 

extents. Additionally, all alkane-thiols form self-assembled monolayers (SAMS) on the 

gold surface but the surface concentration of the molecules varies non-monotonically 

with chain length. Figure 4.3b shows that the highest surface density occurs for hexane-

thiol and octane-thiol. This unexpected result is likely related to the capacity of different 

alkane-thiols to form orderly packed SAMS on gold. Porter and colleagues showed that 

alkane-thiols shorter than five carbons will not form ordered monolayers on flat gold 
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substrates like those observed for longer alkane-thiols because of weaker inter-chain van 

der Waals interactions and due to the presence of defects such as gauche kinks in these 

alkyl chains.85  Chain-end defects are also known to occur in SAMs of longer alkane-

thiols in nanoparticles because the high radius of curvature causes a decrease in packing 

density the further an alkane group is from the surface.101  Therefore, alkane-thiols of 

intermediate chain lengths are likely to form the most ordered and dense monolayers in 

nanoparticle surfaces. 

 

 

(a)                                                                (b) 

Figure 4.3. a) Surface concentrations of a) PEG-thiol and b) alkane-thiol after particles 
with a dose concentration of 20 PEG chains/nm2Au are functionalized with 700 alkane-
thiol molecules/nm2Au. Surface concentrations are determined by TGA after the particles 
are dialyzed to remove unbound ligands and freeze-drying (lyophilization).  
 

Zeta potential measurements can provide additional information on the amount of 

the citrate that is displaced through thiol adsorption and on the PEG conformation. As 

expected, the original gold particles show the largest zeta-potential magnitude (-56.8 ± 

1.9 mV) due to the surface charge of the citrate molecules that stabilize the particles after 
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synthesis. There is a decrease in the magnitude of the zeta potential after saturating the 

surface with PEG-thiol (2.0 PEG chains/nm2Au) that is explained by shifting the shear 

plane away from the particle surface. Figure 4.4 also shows that the zeta potential is 

further reduced after functionalization with alkane-thiols because the negatively charged 

citrate is displaced. Importantly, there are remarkable similarities in the data trends that 

are also observed in the TGA results. The highest surface concentration from TGA occurs 

for octane-thiol and this sample also has the lowest magnitude of zeta potential. This 

suggests that octane-thiol is able to displace more citrate than other alkane-thiol 

molecules. However, it is impossible to get quantitative information about the particle 

surface charge because the PEG conformation will also affect the zeta potential by 

moving the slip plane. 

 

 

Figure 4.4. Zeta potential of nanoparticle surfactants with an initial PEG-thiol surface 
concentration of 2.0 PEG chains/nm2 Au and different alkane-thiols. 
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4.3.2 PEG Conformation 

 Dynamic Light Scattering (DLS) is also used to characterize the extension of 

grafted PEG chains after functionalization with alkane-thiols of different length. For 

these studies, the particles are first saturated with PEG-thiol so that, even after alkane-

thiol is added, the particles are in a ‘singlet’ state and are unable to form clusters. The 

formation of ‘singlets’ is confirmed with small-angle x-ray scattering (SAXS) and this is 

shown in the inset of Figure 4.5. All of the scattering curves of particles with PEG and 

alkane-thiol are identical to that of the original gold particles. This means that any 

differences observed in the hydrodynamic radii (Rh) measured with DLS originates from 

changes in the PEG extension and not from the clustering of particles. Figure 4.5 shows 

clear changes in Rh depending on the specific alkane-thiol that is co-adsorbed on the gold 

surface after PEG functionalization. For butane-thiol, decane-thiol, dodecane-thiol and 

tetradecane-thiol there is a modest decrease in Rh from 36 nm to approximately 31 nm 

upon alkane-thiol addition. This could originate from the partial replacement of PEG-

thiol by alkane-thiol during the functionalization process. However, based on TGA 

results, one would expect butane-thiol to have the lowest Rh because it is shown to 

remove the largest amounts of PEG-thiol. Surprisingly, there is a significant increase in 

Rh observed for particles coated with hexane-thiol and octane-thiol, relative to particles 

only coated with PEG, even though TGA shows that there is a decrease in the amount of 

surface-bound PEG in these particles. This suggests that the hydrodynamic size of the 

particles is not solely controlled by the surface concentration of PEG-thiol and that other 

factors must also influence particle diffusion. 
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Figure 4.5. Hydrodynamic radii of nanoparticle surfactants with an initial PEG 
concentration of 2.0 PEG chains/nm2 Au and different alkane-thiols added in large excess 
to saturate the surface. The inset contains SAXS curves proving that all of the individual 
nanoparticles are un-clustered in dispersion. 
 

By plotting the surface concentration data (TGA) together with the hydrodynamic 

radii for singlet particles (DLS), we gain a deeper understanding of the influence of the 

conformation of the PEG-thiol (Figure 4.6). Figure 4.6a shows that in one extreme 

octane-thiol functionalization results in more extended PEG-thiol conformations even 

though they have a low surface concentration. In the other extreme we see dodecane-thiol 

functionalization results in the highest surface concentration of PEG-thiol but also that 

the polymer is in a more collapsed conformation. This result is best explained by also 

examining the surface concentration of alkane thiol molecules. Figure 4.6b shows a clear 

trend between the measured hydrodynamic radius of particles and the surface 

concentration of the alkane-thiol molecules. Particles with low alkane-thiol surface 
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concentrations also have smaller hydrodynamic radii and a more collapse PEG-thiol 

conformation. Conversely, octane-thiol has the highest surface coverage and also results 

in the most extended PEG-thiol conformation. 

 

 

(a)                                                                     (b) 

Figure 4.6. Comparison of hydrodynamic radii to a) PEG-thiol and b) alkane-thiol 
surface concentrations for fully saturated singlet particles. 
 

 Taken together, the data suggest that some of the PEG-thiol chains are likely in a 

collapsed conformation when there are exposed patches of citrate or gold atoms on the 

surface. Thus, we hypothesize that some PEG chains adsorb on the gold surface and may 

wrap around the particle due to favorable interactions. The case of PEG-thiol 

functionalized particles prior to alkane addition is illustrated schematically in Figure 4.7a. 

After the addition of butane-thiol, decane-thiol, dodecane-thiol or tetradecane-thiol, a 

somewhat disordered monolayer forms on the particle surface leaving patches of exposed 

gold or citrate. Some of the PEG-thiol chains will remain in a more contracted 

conformation as they interact with exposed patches of the gold particle as shown in 
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Figure 4.7b. The hydrodynamic radius will be smaller for these particles because some of 

the PEG-thiol is displaced from the particle when the alkane-thiol is added. Finally, when 

dense, ordered monolayers of octane-thiol or hexane-thiol cover the majority of the gold 

surface, the PEG-thiol chains will have repulsive interactions with the dense hydrophobic 

alkane surface and more extended conformation will be favored as illustrated in Figure 

4.7c. 

 

 

Figure 4.7. Schematic representation of the PEG-thiol conformation a) in the absence of 
alkane-thiol, b) in the presence of a patchy alkane-thiol monolayer and c) in the presence 
of an ordered alkane-thiol monolayer. 
 

 

4.3.3 Effects of PEG Concentration and Conformation on Cluster Formation 

 The surface concentration and conformation of the PEG-thiol has a significant 

effect on the clustering of nanoparticle surfactants. The formation of clusters for samples 

with five different initial PEG-thiol concentrations ranging 0.1 – 1.0 PEG chains/nm2Au 

are examined as a function of the type of alkane-thiol that is added. The PEG-thiol 

concentrations reported in this section refer to the initial concentration and do not reflect 

the amount of PEG-thiol that is replaced during alkane-thiol functionalization. Small-

angle x-ray scattering (SAXS) is used to probe the cluster structures directly in the 



83 
 

dispersed state. Due to the large scattering contrast of gold relative to PEG, the scattering 

contribution in SAXS originates primarily from the shape and arrangement of the gold 

nanoparticles. Figure 4.8 shows the systematic changes that occur in the scattering curves 

as the number of particles per cluster increases. At high values of q, all of the data 

collapse because the intra-particle correlations corresponding to the spherical shape 

dominates the scattering. In contrast, at medium and low values of q, there are large 

variations in the scattering profiles due to inter-particle correlations that occur with 

cluster formation. There is also a clear shift of the Guinier plateau towards lower values 

of q indicating the formation of larger structures. At PEG concentrations above 0.3 PEG 

chains/nm2Au, decane-thiol, dodecane-thiol and tetradecane-thiol show no clustering and 

the scattering curves are identical to those for particles without alkane-thiol. However, 

clustering is readily observed from the deviations in scattering at low q for nanoparticle 

surfactants with butane-thiol, hexane-thiol and octane-thiol. Particles with the longer 

alkane-thiol chains only begin to cluster at PEG-thiol concentrations lower than 0.2 PEG 

chains/nm2Au while the butane-thiol, hexane-thiol and octane-thiol particles form 

extremely large clusters that are not stable in dispersion. For all PEG-thiol concentrations, 

the scattering data indicates that octane-thiol coated nanoparticle surfactants contain the 

most particles in each cluster. SAXS curves for initial concentrations of 0.3, 0.7 and 1.0 

PEG chains/nm2Au are shown in Figure 4.8. 
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(a)                                                (b)                                              (c) 

Figure 4.8. SAXS data corresponding to nanoparticle surfactants clustered with different 
alkane-thiol additives and after coating with a) 0.3 PEG chains/nm2Au, b) 0.7 PEG 
chains/nm2Au and c) 1.0 PEG chains/nm2Au. 
 

 The cluster size can be easily quantified from scattering data using a simple 

Guinier analysis to calculate the radius of gyration, Rg, for each structure. The radius of 

gyration for each sample is calculated from the Guinier regime of the scattering curves 

using Equation 4.1 where q is the scattering vector and a0 is the zero angle intensity.88 

Due to the large difference in scattering contrast of gold-water (Δρ=1.14*10-4Å-2) relative 

to PEG-water (Δρ=1.80E-7 Å-2), the value of Rg only depends on the gold portion of the 

clusters. Details of this analysis are located in Chapter 2. 

         (4.1) 

Figure 4.9 shows that Rg for all 10kDa PEG-thiol loadings is constant at 5.8 nm when no 

alkane-thiol is added because the particles are not clustered. At initial PEG-thiol 

concentrations above 0.3 10kDa PEG chains/nm2Au and alkane-thiols equal or greater 

than 10 carbons, the nanoparticle surfactants are still ‘singlets’ and the Rg remains at 5.8 

nm. In contrast, there is a sharp increase in Rg for alkane-thiol molecules with chain 

lengths below 8 carbons that corresponds to the increasing aggregation of particles. 
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Octane-thiol coated nanoparticle surfactants again result in the largest Rg for all of the 

10kDa PEG-thiol loadings studied. 

 Clusters formed from nanoparticle surfactants with 5kDa PEG-thiol also show 

similar trends as 10kDa PEG-thiol nanoparticle surfactants but with some slight 

deviations as demonstrated in Figure 4.9b.  Both samples show that alkane-thiol 

molecules smaller than eight carbons are more effective at inducing cluster formation. 

Furthermore, most samples show maxima in the cluster sizes for intermediate thiol 

lengths (octane and hexane thiol). Nanoparticle surfactants with decane-thiol, dodecane-

thiol and tetradecane-thiol are also found to be ‘singlets’ at PEG-thiol concentrations that 

are greater or equal to 1.0 PEG chain/nm2Au (5 kDa). In general, the values necessary for 

forming clusters with the lower molecular weight polymer are larger than the surface 

concentrations necessary with 10kDa PEG-thiol. This suggests, as expected, that the 

larger effective volume of individual 10kDa PEG-thiol chains requires lower PEG surface 

concentrations, relative to 5 kDa PEG, to form clusters with similar aggregation numbers. 

This is further rationalized by considering that the total steric repulsion volume v (i.e. the 

volume of the exclusion cones in Figure 4.1) will be roughly proportional to the 

exclusion volume of individual chains multiplied by the number of chains attached to the 

particle surface. 
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(a)                                                              (b) 

Figure 4.9. Radius of gyration of clusters plotted against the number of carbons in the 
alkane chain for variable initial PEG-thiol surface concentrations with (a) 10kDa PEG-
thiol and (b) 5kDa PEG-thiol. The error bars correspond to the uncertainty in the fit to the 
Guinier equation. 
 

 Transmission electron microscopy (TEM) is also used to characterize the number 

of particles in each cluster for nanoparticle surfactants initially containing a surface 

concentration of 0.3 PEG chains/nm2Au (before alkane-thiol addition). Figure 4.10 shows 

representative electron micrographs out of tens of images that are taken for each sample. 

Unfortunately, clusters collapse during the drying so it is impossible to fully characterize 

their stable dispersion geometry despite the use of freeze-drying to minimize this effect. 

Still, TEM images are useful to directly quantify the number of particles in each cluster. 

TEM shows that there is a distribution of cluster sizes in each sample rather than a single 

cluster type. Histograms are created to quantify and compare the number of particles per 

cluster for each sample. As expected, the largest clusters are formed for octane-thiol 

nanoparticle surfactants with an average of 9 particles per cluster at this initial PEG 

concentration. The aggregation numbers for butane-thiol and hexane-thiol are 5 and 8 
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particles respectively. This trend is in perfect agreement with the SAXS data. As 

expected, the particles correspond to primarily singlets for larger alkane chain lengths 

(decane-thiol, dodecane-thiol and tetradecane-thiol). 

 

 

Figure 4.10. Representative TEM micrographs for nanoparticle surfactants with 0.3 PEG 
chains/nm2Au and a) butane-thiol, b) hexane-thiol, c) octane-thiol, d) decane-thiol, e) 
dodecane-thiol and f) tetradecane-thiol. The insets are histograms indicating the 
distribution of the particles per cluster for each sample. 
 

4.4 Discussion 

 It is clear from electron microscopy and x-ray scattering results that the PEG-thiol 

surface concentration and the chain extension have a profound effect on cluster sizes in 

nanoparticle surfactants. As previously mentioned, these clusters form in a way that is 

analogous to molecular surfactants with the hydrophobic regions shielded on the inside of 

the structure. Therefore, it is not surprising that aggregation numbers will also be 



88 
 

controlled by the same geometric parameters that control aggregation in molecular 

surfactants. Equation 4.2 can be used to roughly relate the aggregation number of 

spherical surfactant micelles to geometric parameters. Here, R is the micelle radius and v 

is the volume occupied by the tail.32, 102  

34#
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π
=      (4.2) 

We propose that the aggregation number of nanoparticle surfactants will also be related to 

the concentration and conformation of the bound polymer. In Equation 4.3, the polymer 

length l will be controlled by the size and conformation of the PEG-thiol and, for 

mushroom chain conformations, it will be roughly proportional to the Flory radius. The 

steric interaction volume, v, will also be influenced by the surface conformation of the 

individual chains and by the total surface concentration of bound PEG-thiol. Thus, we 

expect the molecular weight of the PEG-thiol to also affect the aggregation behavior. 

However, it is still challenging to fully quantify the influence of this effect using this 

simplistic model because molecular weight could cause significant changes in chain 

conformation and in the steric exclusion volume. Scaling models for predicting micelle 

formation in bunchy micelles could potentially be extended to more precisely predict and 

describe cluster formation in these systems.103 

     (4.3) 

 Nevertheless, this very simple analogy to molecular surfactants shows good 

general agreement with the observations in the experimental data. For any given 

molecular weight of PEG-thiol, the aggregation number is always inversely proportional 

to the surface concentration of polymer. This is best demonstrated by the data shown in 
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Figure 4.9. We also demonstrate this in a previous publication by systematically changing 

the dose PEG-thiol concentration and holding the alkane-thiol constant.69 However, it 

must also be noted that the dependence will likely be different for particles coated with 

different alkane-thiols because it will be affected by any changes in PEG conformation 

that occur due to changing surface interactions (i.e. partial collapse vs. extended) and by 

preferential displacement of PEG with different alkane-thiols. 

Our data suggests that the aggregation number of clusters is in-fact affected by 

changing polymer conformations. Nanoparticle clusters formed after adsorption of 

hexane-thiol and octane-thiol consistently have the most extended PEG-thiol 

conformations (Figure 4.6) and also show the largest aggregation numbers (Figure 4.9). 

Notably, this is observed in spite of having a higher PEG-thiol surface concentration, and 

therefore larger steric exclusion volumes, than butane-thiol coated particles. 

Unfortunately, it is not yet possible to fully determine the clustering mechanism of 

nanoparticle surfactants with partially collapsed PEG conformations.  It is possible that 

these nanoparticles cluster to a somewhat lower degree because some of the PEG-thiol 

could wrap around the particle and make some of the alkane-thiol surfaces less accessible 

to other particles. Therefore, the hydrophobic and van der Waals interactions driving 

particle aggregation could be weakened. Still, it is clear that the polymer extension is a 

significant factor controlling the size and aggregation number of clusters formed from 

nanoparticle surfactants. 

Finally, we also examine the effect of PEG-thiol molecular weight on the 

aggregation number.  SAXS data shows that decreasing the PEG-thiol molecular weight 

from 10kDa to 5kDa while holding the initial PEG-thiol surface concentration constant, 
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causes nanoparticle surfactants to form larger clusters with larger aggregation numbers.  

This suggests, as expected from Equation 4.3, that a decrease in the steric exclusion 

volume occupied by the smaller PEG-thiol chains for similar surface concentrations has a 

large and inversely-proportional effect over the aggregation number.  

 Our findings show that polymer conformation and surface concentration are key 

to controlling the self-assembly of nanoparticle surfactants in dispersion.  However, these 

results also have important implications to other systems that utilize gold-thiol bonding 

chemistry. For example, the functionalization of gold nanoparticles is of particular 

importance in nano-medicine applications. For these systems, the presence of surface-

bound PEG has been shown to enhance biocompatibility and to prevent or postpone 

immune responses by preventing adsorption of proteins to gold surfaces.94, 95 

Additionally, ligands with antibody labels are frequently co-functionalized onto gold 

surfaces for targeted cancer therapies.104, 105  Here we confirm prior work showing that 

significant thiol replacement occurs when a small thiol is added to nanoparticles after 

PEG-thiol functionalization. Thus, it is very important to quantify and understand the 

parameters that affect the relative adsorption and desorption of different thiol species that 

bind to the same surface. Our findings indicate that, even for simple alkanes, the length of 

the ligand can induce significant changes and that this could be used to tune relative 

adsorption to achieve desired surface concentrations. Furthermore, it is also important to 

note the influence of the alkane-thiol monolayer on the extension of PEG or other surface 

grafted polymers. This could significantly impact the ability to access other ligands and 

molecules located at the surface. 
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4.5 Summary 

 The concentration and conformation of surface-bound PEG-thiol in the presence 

of alkane-thiol ligands is critical to many applications utilizing thiol-metal 

functionalization. Here we show that alkane-thiols compete with PEG-thiol when they 

adsorb onto gold surfaces. We also show that the length of the alkane-thiol controls the 

extent of the PEG replacement. Furthermore, the alkane-thiol length also controls the 

packing density on the gold surface and this directly impacts the extension of the PEG-

thiol. All of these factors are also shown to have a direct effect on the aggregation of self-

assembly of nanoparticle surfactants and can be used to tune the cluster sizes.  
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Chapter 5: Charged Nanoparticle Adsorption at Oil-Water Interfaces 

 Here we examine the spontaneous adsorption of charged nanoparticles at 

hexadecane-water emulsion interfaces. The negative surface charge on the oil droplet 

surface has a significant effect on the adsorption of charged nanoparticles.  The 

interaction potentials between the nanoparticles and oil droplets are calculated using 

DLVO theory. Calculations show that decreasing the surface charges with pH will reduce 

the energy barrier for particle adsorption.  Additionally, increased ionic strength 

decreases the decay length of the electrostatic repulsion leading to enhanced particle 

adsorption. These theoretical calculations are corroborated with small-angle scattering 

experiments, which show that the highest particle adsorption of anionic PS latex to 

hexadecane oil droplets occurs at moderate ionic strength and low pH. This work shows 

that by carefully controlling solvent conditions such as pH and ionic strength, it is 

possible to tune particle adsorption at oil-water interfaces. The results presented in this 

chapter have previously been published as a regular article in Langmuir.106 Reproduced 

with permission from Larson-Smith, K.; Jackson, A.; Pozzo, D. C., “SANS and SAXS 

Analysis of Charged Nanoparticie Adsorption at Oil-Water Interfaces”  Langmuir, 2012, 

28, (5), 2493-2501. Copyright 2012 American Chemical Society. 

 

5.1 Background 

Particle-stabilized emulsions (Pickering emulsions) form when a fluid phase is 

mechanically dispersed in another immiscible fluid in the presence of solid particles.107 

These particles often adsorb and organize into a shell at the oil-water interface, which 

sterically prevents droplets from coalescing.108-111 In recent times, Pickering emulsions 
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have been the focus of much attention because of potential applications in the production 

of food, personal care and pharmaceutical products.112-114 Additionally, particle 

assemblies at oil-water interfaces can be used as templates for new materials such as 

composite particles and colloidosomes.1, 2  

The remarkable stability of Pickering emulsions is mainly due to the favorable 

adsorption energy of colloidal particles at an oil-water interface. The energy necessary 

for particles to detach from the oil-water interface scales with the square of the particle 

radius as shown in Equation 5.1. Here, R is the particle radius, θ is the three-phase 

contact angle and γow, γpw and γpo are the oil-water, particle-water and particle-oil 

interfacial tension terms respectively.115, 116  

    (5.1) 

Frequently, the attachment energy of micrometer-sized particles is on the order of 107 kT 

making the adsorption extremely stable. In contrast, the attachment energy of 

nanoparticles decreases with decreasing size to the point where it can be comparable to 

thermal fluctuations. Thus, stability is highly dependent on the size of the particle and the 

stabilization of emulsions with nanoparticles is usually much less effective than for 

micrometer sized particles.111 The interaction forces of particles located at dispersed oil-

water interfaces are described in great detail in a review by Bresme and Oettel.117 

Unfortunately, literature reports on the characterization of small particle (i.e. 

nanoparticles) adsorption to dispersed fluid interfaces are much less abundant than those 

of larger colloidal particles. This is in great part due to the experimental challenges that 

are encountered in analyzing very small length scales in complex dispersed systems. 

( ) ( )
2 2 22 1 cosow po pw ow

ow

RE Rπ γ γ γ π γ θ
γ
−  ∆ = − − = ± 



94 
 

 Recently, Reincke and colleagues examined the self-assembly of charged gold 

nanoparticles at a macroscopic heptane-water interface.118 They showed that particles 

would reversibly adsorb and self-assemble at the oil-water interface when the surface 

charge of the particles was reduced. They modeled and explained this effect by 

accounting for dipolar and coulombic electrostatic repulsion and van der Waals attraction 

of particles at the interface. They found that, by reducing the particle surface charge, the 

equilibrium surface fraction of particles increased at the oil-water interface. This work 

provides great insight on the effect of interfacial and electrostatic interactions for 

nanoparticles at oil-water interfaces. However, before particles are able to experience 

these interfacial interactions they must first be able to reach the fluid-fluid interface. 

Under certain conditions, the interactions that are experienced by solid particles 

approaching an oil-water interface control emulsification efficiency and dominate over 

forces that would be experienced by adsorbed particles.  

For Pickering emulsions, the specific method that is used to generate the 

dispersion can greatly affect the dominant physical interactions that govern colloidal 

behavior. In order to generate a Pickering emulsion, particles must either be forced 

towards the interface during mechanical emulsification or they must spontaneously 

adsorb to previously dispersed oil-water interfaces (Figure 5.1). Most reports usually 

focus on direct emulsification methods (Route 1) because they are more commonly used 

in practice. In this route, the large mechanical energy that is applied during the 

emulsification process (e.g. ultrasound application) allows most particles to reach an oil-

water interface at some point. Therefore, colloidal behavior in these systems is largely 

governed by interfacial interactions that are experienced after the particles reach the 



95 
 

interface. In contrast, when particles are added after mechanical emulsification (Route 2), 

particle adsorption can be controlled by electrostatic and van der Waals forces between 

the oil drop and the dispersed particles.  

The objective of this study is to improve our understanding of particle adsorption 

to existing oil-in-water dispersions when particles are added after mechanical 

emulsification. In this route, control of colloidal interactions through the change of 

solution conditions is found to be critical to controlling particle adsorption. Interfacial 

effects such as capillary forces only become relevant after particles reach the dispersed 

oil-water interface. This means that the magnitude of the adsorption energy due to the 

interfacial tension terms (Equation 5.1) is irrelevant if particles are prevented from 

approaching the interface due to electrostatic repulsion. The study is motivated by the 

fact that oil droplets frequently acquire large surface charges when dispersed in water and 

that these charges could prevent or enhance particle adsorption. To a first approximation, 

the classic DLVO theory can be used to describe the primary interactions of a charged 

particle approaching a larger oil droplet.  

 
Figure 5.1. Methods to generate Pickering emulsions. Route 1: Direct mechanical 
dispersion of oil in the presence of particles. Route 2: Spontaneous adsorption of particles 
to an existing oil-in-water dispersion. 
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Aqueous emulsions prepared with simple alkanes in the dispersed phase can 

sometimes create a barrier to particle adsorption because they spontaneously acquire a 

significant surface charge. Stachurski and Michalek show that pure emulsions of all n-

alkanes have a negative zeta potential that is effectively neutralized with decreasing 

pH.119, 120 The origin of the surface charge is widely discussed in the literature but a 

consensus is yet to be reached. One theory postulates that the negative zeta potential is 

caused by boundary-layer water molecules that are highly ordered at the interface with 

the oil phase.120-123 It has been shown that interfacial water molecules are preferentially 

oriented with the oxygen atoms pointing toward the oil phase.124, 125  This allows for 

selective adsorption of –OH ions that interact with the exposed hydrogen atoms of the 

interfacial water molecules. Thus, an excess negative charge exists at the oil-water 

interface that is strongly dependent on the concentration of -OH ions. A second theory 

postulates that the negative charge originates from charge transfer between different 

interfacial water molecules.126 Regardless of the specific mechanism causing this surface 

charge, it is clearly important to consider the effects of electrostatic interactions on the 

formation of Pickering emulsions through spontaneous particle adsorption (Route 2). In 

addition, depending on emulsification conditions like the mechanical input power, 

electrostatic interactions could also dominate particle adsorption in mechanical 

emulsification processes (Route 1). Previously, Simovic and Prestige have shown the 

adsorption of hydrophilic silica particles at a polydimethylsiloxane-water interface is 

greatly dependent on salt concentration and weakly influenced by pH.127, 128 Whitby and 

colleagues also showed the adsorption and stability of amphiphilic silica particles at 

alkane-water interfaces is largely dependent on particle flocculation, which is controlled 
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by pH.111 These studies further indicate that electrostatics play a large role in particle 

adsorption and must be carefully considered for spontaneous particle adsorption. 

In this study, we use small angle neutron and x-ray scattering (SANS and SAXS) 

to evaluate the effect of surface charge on the spontaneous adsorption of charged 

particles at dispersed oil interfaces. SANS and SAXS are ideal techniques for probing the 

adsorption and arrangement of particles at buried oil-water interfaces. These techniques 

are especially valuable when optical or fluorescent microscopy is not possible because 

particles have sizes in the nanometer range.58, 129-137 Nevertheless, the extraction of 

quantitative data from scattering experiments is not always simple and requires the use of 

adequate models. The Pickering Model, introduced in Chapter 2, is an analytical model 

that can be used to determine the fraction of particles that adsorb at the oil-water 

interface.58 Phase analysis light scattering (PALS) is also used to quantify zeta-potential 

values of the dispersed oil droplets and of the adsorbing particles under various solution 

conditions. Finally, the DLVO theory is used to calculate the interaction energy between 

a solid particle and an oil droplet. This simple model allows us to rationalize and 

understand the influence of electrostatic interactions in controlling nanoparticle 

adsorption for model oil-in-water emulsion systems. 

 

5.2 Experimental Methods 

 Sodium chloride (NaCl), hydrochloric acid (1 N HCl), hexadecane (C16H34), gold 

chloride trihydrate (HAuCl4-3H2O), tetraoctylammonium bromide (TOAB), sodium 

borohydride (NaBH4), toluene and mercaptoundecyl-trimethylammonium bromide are 

obtained from Sigma Aldrich (St. Louis, MO) and used as received. Deuterium oxide 
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(D>99%) and d-hexadecane (D>98%) are purchased from Cambridge Isotopes (Andover, 

MA). Polystyrene (PS) latex nanoparticles (Nanosphere 80nm), purchased from Thermo 

Scientific (Fremont, CA), are dialyzed into water to remove any surfactant and then 

dialyzed into deuterium oxide (D2O) for neutron scattering experiments. Gold 

nanoparticles (r = 3 nm) are synthesized in a water-toluene two phase system following 

the method of Brust et al.138 A 0.025 M aqueous solution of hydrogen tetrachloroaurate 

(10 mL) is vigorously mixed with 25 mL of 0.05 M TOAB in toluene until all of the 

AuCl4
- is transferred into the organic phases. The AuCl4

- is reduced by slowly adding 10 

mL of aqueous 0.4 M NaBH4. After 6 hours of stirring, the particles are functionalized 

with mercaptoundecyl-trimethylammonium bromide and allowed to precipitate. The 

particles are then washed with copious amounts of toluene and ethanol before 

redispersion in water. 

Hexadecane-in-water emulsions are prepared using a Branson Sonifier operated at 

10% amplitude power pulsed one second on, two seconds off for a total of three minutes. 

Polystyrene or gold particles are added immediately after emulsification and the samples 

are placed on a roller mixer to prevent creaming. The size distribution of the emulsified 

oil drops is examined with a Zeiss Axiovert 40 CFL optical microscope at 40x 

magnification. Images are processed using Image J software developed at the National 

Institutes of Health.139  

 The hydrodynamic radii and electrophoretic mobility of particles and oil are 

measured with a Malvern Zetasizer Nano ZS (Worcestershire, United Kingdom) with a 

laser with wavelength of 633 nm. A folded capillary cell (DTS 1060) was used for 

measuring the electrophoretic mobility of the particles and the hexadecane droplets in 
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separate experiments.  Zeta potentials of the particles are calculated from mobilities using 

the White-Mangelsdorf model in the Zetasizer Nano ZS software that considers ionic 

mobility within the Stern layer.140 The Helmholtz-Smoluchowski equation (Equation 5.2) 

is used to relate the electophoretic mobility of the large hexadecane droplet (UE) to the 

zeta potential (ζ). In this equation, η is the viscosity of the solvent, ε0 is the dielectric 

permittivity in vacuum and εr is the relative dielectric permittivity of the solvent.32 

              (5.2) 

 SANS experiments are performed on 1 vol% hexadecane in water emulsions 

stabilized by 80 nm PS latex at 0.25 vol%. The water phase consists of 6.0 vol% H2O in 

D2O and oil phase is comprised of 11.2 vol% h-hexadecane in d-hexadecane in order to 

eliminate the scattering contrast between the oil and water phases. At these conditions, 

the scattering contribution from the PS latex dominates the signal (∆ρPS-water = 4.50*10-6 

Å-2). SANS and USANS experiments are performed at the National Institute of Standards 

and Technology (NIST) Center for Neutron Research using the NG3 SANS and BT5 

USANS instruments.141 Three detector configurations were used for all SANS 

experiments. One detector configuration has a sample to detector distance of 15.3 m and 

utilizes lenses along with a neutron wavelength of 8 Å to focus the beam and reach a 

minimum wavevector value of 0.001 Å-1. The other two configurations have sample to 

detector distances of 1 m and 4.5 m and use a wavelength of 6 Å to obtain a wide q range. 

USANS measurements are performed on the BT5 perfect crystal diffractometer extending 

the measured q range down to 8*10-5 Å-1. The SANS and USANS data were fully 

reduced and placed on an absolute scale. Additionally, the USANS data were desmeared 

using Igor macros developed at NIST.57 
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 Small-Angle X-ray Scattering (SAXS) experiments are carried out on hexadecane 

emulsions stabilized by gold nanoparticles. SAXS experiments are performed on an 

Anton Paar SAXSess instrument (Graz, Austria) with a line-collimation system using a 

Cu-Kα source with a wavelength of 1.54 Å. SAXS experiments are performed on a 0.2 

vol% hexadecane in water emulsions stabilized by 0.002 vol% 5 nm mercaptoundecyl-

trimethylammonium bromide capped gold nanoparticles. The difference in scattering 

length density of gold and water (∆ρGold-Water=1.14*10-4 Å-2) is much greater than 

hexadecane and water (∆ρHexadecane-Water=1.94*10-6 Å-2), so the gold particles also 

dominate the scattering in the SAXS system. 

 

5.3 Surface Charge 

5.3.1 Surface charges on dispersed oil droplets  

The hexadecane-water interface has a negative charge that is neutralized by 

decreasing the pH of the aqueous phase. Figure 5.2 shows the variation of the zeta 

potential of hexadecane emulsions as a function of solvent conditions. The emulsion, 

without any additives, has a zeta potential of -103.4 mV at pH=7.5 and the magnitude 

linearly decreases until it is effectively neutralized at pH=2.5. The presence of salt only 

slightly decreases the zeta potential magnitude. Emulsions of pure oil in water at neutral 

pH are very stable and take several days to coalesce due to electrostatic stabilization. In 

contrast, we find that emulsions without added particles catastrophically destabilize at 

low pH due to the neutralization of the surface charge in the oil phase. 
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  (a)      (b) 
Figure 5.2. Zeta potential measurements for 0.001 vol% hexadecane emulsions as a 
function of (a) pH and (b) NaCl concentration. 
 

5.3.2 Surface charges on sulfonated polystyrene latex  

Changes in pH and salt concentration also affect the surface charge of the 

negatively charged PS latex particles. PS latex exhibits particularly interesting properties 

due to a hairy polymer layer that can form at the particle surface.142 Seebergh and Berg 

discussed the presence of these flexible polymer chains extending from the surface of the 

latex particles. These chains extend from the surface due to electrostatic repulsion 

between ionic groups in the ‘hairs’ and in the particle surface. By increasing the 

electrolyte content in the dispersion, the electrostatic repulsion is screened and the hairs 

collapse on the surface. This is demonstrated in Figure 5.3a, where the hydrodynamic 

radius shrinks from 44 to 41 nm in the presence of NaCl at concentrations higher than 5 

mM. Figure 5.3b also shows that the surface charge of the PS latex systematically 

decreases at lower pH values. Lowering the pH causes cations to preferentially adsorb at 

the particle surface causing a reduction of the net surface charge.143 The zeta potentials 

for PS latex as a function of pH in the presence of NaCl give a similar trend, but the 
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magnitude of the zeta potential is reduced. The PS latex never reaches neutrality at the 

conditions used in our study but, at pH=2, the smallest zeta potential is achieved with a 

value of -23 mV.  

 

 
  (a)      (b) 

Figure 5.3. (a) Zeta potential and hydrodynamic radii for 0.05 vol% 80 nm PS latex as a 
function of NaCl concentration and (b) zeta potential for 0.05 vol% 80 nm PS latex as a 
function of pH. 
 
 
 
5.3.3 Surface charges on gold nanoparticles  

 The surface charge of gold nanoparticles is easily manipulated through surface 

functionalization with self-assembled monolayers (SAMS).34, 83-85 Thiol chemistry has 

proven to be one of the most straightforward forms of gold functionalization because 

thiol groups have a strong affinity for metallic surfaces and form covalent bonds with 

surface atoms. Therefore, with careful selection of thiolated ligand, we can manipulate 

and control the surface charge of the particles. When mercaptoundecyl-

trimethylammonium bromide is used, this yields a positive surface charge corresponding 
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to average zeta potential of 12±3 mV. The zeta potential is found to be independent of pH 

and salt concentration over all solvent conditions that are used in this study. 

 

5.4 DLVO theory and calculations 

To a first approximation, DLVO theory is used to describe the interaction 

between particles and oil droplets before they make contact. The classic DLVO theory 

only accounts for the effects of van der Waals and electrostatic interactions between the 

two approaching surfaces.144, 145 The van der Waals interaction, Uvdw, is approximated by 

Equation 5.3 for two dissimilar spheres of radii a1 and a2 separated by a distance S0, 

where A213 is the corresponding Hamaker constant.146 The effective Hamaker constant for 

different materials across a dissimilar medium is calculated according to Equation 5.4 

such that Agold-water-hexadecane = 1.21*10-20 J and APS-water-hexadecane = 2.27*10-21 J. The 

Hamaker constant for two polystyrene particles in water is APS-water-PS = 1.3*10-20 J. In all 

cases, the net force due to van der Waals interactions is found to be attractive.  

   (5.3) 

         (5.4) 

Electrostatic interactions can be either repulsive between like-charged particles or 

attractive between oppositely charged particles. In addition, electrostatic interactions can 

be manipulated through the control of the ionic strength in the solvent. Understanding 

these forces is useful for identifying the conditions that are adequate to drive the 

adsorption of dispersed particles to an oil-water interface. The electrostatic interaction, 
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Ues, can be approximated by Equation 5.5 where n∞ is the total ion concentration, κ-1 is 

the Debye length, k is Boltzmann’s constant, T is temperature, z is the valence number, e 

is the electron charge and Ψδ is the Stern potential. γ is calculated with Equation 5.6 from 

the Stern potential, which is approximated by the measured zeta potential. 

             (5.5) 

             (5.6) 

Summing the van der Waals and electrostatic interactions gives the apparent net force 

between two approaching particles. The interaction force between n-decane droplets and 

micron-sized silica particles has previously been measured using atomic force 

microscopy. Hartley and colleagues showed agreement with DLVO theory at large 

separation distances where the decay length of the electrostatic interaction decreased with 

the addition of electrolyte.147 Sunkel and Berg previously used DLVO theory to inform 

the adsorption of 150 nm titanium dioxide particles on mineral oil droplets.148 

One way to reduce the electrostatic repulsion between two equally charged 

surfaces is to decrease the Debye screening length (κ-1) by increasing the ionic strength of 

the solution. In order to approximate conditions of our experiments, Figure 5.4 models 

the interaction potential for a 40 nm radius PS latex particle (ζ1 = -43 mV) and a 2 μm 

radius hexadecane droplet (ζ2 = -95 mV) at various concentrations of sodium chloride in 

the solvent. The addition of low amounts of NaCl can significantly decrease the decay 

length of the electrostatic repulsion. Still, in all cases the energetic barrier for adsorption 

is close to 200 kT.  
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Figure 5.4. Interaction potential for a 2 μm hexadecane droplet and 40 nm PS latex 
particle at pH = 7 and increasing sodium chloride concentration as a function of their 
distance of closest approach, S0. 
 
 
 Under most solution conditions, the hexadecane drops and the PS latex particles 

have net negative surface charges that lead to electrostatic repulsion and can prevent 

spontaneous adsorption. Nevertheless, the energy barrier could be significantly reduced if 

this surface charge is neutralized or screened. Figures 5.2 and 5.3 suggest that decreasing 

pH is the most effective method to reduce the surface charge of both the dispersed oil and 

the PS particles. Hexadecane has a zeta potential of -95 mV at pH = 7 that is effectively 

neutralized by decreasing the pH to 2.5. Similarly, PS latex particles have a zeta potential 

of -70 mV that is reduced to just -35 mV at pH = 2.5. It is important to note that the zeta 

potential for both components in the dispersion varies differently with pH so that the net 

interactions will be a non-trivial function of solution conditions. Figure 5.5a shows the 

net interaction energy as a function of pH with a concentration of 1 mM NaCl in the 

solvent. Figures 5.2b and 5.3b also show that the zeta potential is dependent on salt 

concentration. Figure 5.5b shows that the energy barriers for adsorption are further 
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reduced with the addition of salt (30 mM NaCl) such that at pH = 2.5 the energetic 

penalty is a mere 0.5 kT. Therefore, one would expect that particle adsorption would be 

most effective at low pH and high salt concentrations. However, extremely high ionic 

strength can also be detrimental to particle adsorption. Figure 5.6 demonstrates that at 

high NaCl concentration, the net interaction energy between the PS particles becomes 

attractive so that they will aggregate in the dispersion before reaching the emulsion 

interface. Thus, dispersions of moderate ionic strength will allow for effectively 

stabilized particles to adsorb at the oil-water interface. 

 

 
 

  (a)      (b) 
 
Figure 5.5. Interaction potential for a 2 μm hexadecane droplet and 40 nm PS latex 
particle at a) 1 mM NaCl and b) 30 mM NaCl as a function of their distance of closest 
approach, S0. 
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Figure 5.6. Interaction potential for two 40 nm PS latex particles at pH = 2.5 and 
increasing sodium chloride concentration as a function of their distance of closest 
approach, S0. 
 
 

Given the importance of electrostatic interactions in these systems, we could also 

use them to enhance emulsification efficiency. The energy barrier that prevents particle 

adsorption in the PS system can be converted to a net attractive force through the use of 

positively charged particles and negative oil droplets. In Figure 5.7, the interaction 

potential for a 3 nm radius gold particle (ζ1 = 10 mV) and a 2 μm radius hexadecane 

droplet is calculated at several pH values. At neutral solvent conditions, the lowest 

energy is observed because the greatest difference in surface charge exists between the 

negative potential of the oil and the positive particles. However, a reduction in pH also 

reduces the magnitude of the negative surface charge in the oil and therefore reduces the 

net attraction.  
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Figure 5.7. Interaction potential for a 2 μm hexadecane droplet and a 3 nm ammonium 
functionalized gold particle with 1 mM NaCl as a function of separation distance (S0). 
The zeta-potentials of hexadecane are 0.5, -5, -25, -50 and -95 mV at pH 2.5, 3.5, 5, 6 
and 7 respectively. 
 

5.5 Measurement of particle adsorption at oil-water interfaces 

5.5.1 Adsorption of polystyrene latex nanoparticles 

 A combined SANS and USANS study of emulsions prepared with PS latex 

particles was conducted using a recently developed model for Pickering emulsions.58 The 

scattering model appropriately accounts for size polydispersity in the oil drops, which 

typically arises from mechanically forming the emulsion. At high q, the signal is 

dominated by the form factor of the particles while scattering at low q is controlled by the 

extent of particle adsorption and by the average oil droplet size. Figure 5.8 shows the 

entire scattering curve (SANS and USANS) for an emulsion prepared at 20 mM NaCl 

and pH = 2.5 and the corresponding fit to the Pickering emulsion model. The oil and 

water phases are contrast-matched to eliminate scattering contributions from the oil 

droplets. The best fit is achieved when the mean drop radius is Ro = 1.97 µm with a 
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polydispersity of 0.4 (Gaussian distribution) and with 67.3% of the oil-water interface 

covered with adsorbed polystyrene latex particles. All other parameters (ρw=ρo=6.02*10-6 

Å-2, ρp=1.52*10-6 Å-2, Rp = 40.6 nm, δ = 0, 𝜙o = 0.009 and 𝜙p = 0.0014) are held fixed 

during data fitting because they are known from the sample preparation or they are 

determined from independent neutron scattering measurements. Optical microscopy was 

also used to verify that the average drop size (Ro = 2μm) remained constant over a one-

week period as long as creaming was prevented via continuous sample rotation.  

 

Figure 5.8. SANS and USANS data for 1 vol% hexadecane in water emulsion stabilized 
by 0.25 vol% 80 nm PS latex. Parameters of the model are Ro = 1.97 µm, Rp = 40.6 nm, δ 
= 0, 𝜙o = 0.009, 𝜙p

T = 0.0014, ρw = ρo = 6.02*10-6 Å-2, ρp = 1.52*10-6 Å-2, 67.3% surface 
coverage and a polydispersity index of 0.4. 
 
 

Figure 5.9 shows SANS data for hexadecane-in-water emulsions at pH=7 and 

with increasing salt concentration. Upon increasing the ionic strength, a systematic up-

turn in the scattering at low q is observed that is indicative of increased particle 

adsorption at the hexadecane droplet interface. As expected from the interaction energy 

calculations, there is enhanced particle adsorption at higher salt concentrations due to the 
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screening of the electrostatic repulsion. Emulsions above 30 mM NaCl are unstable 

because the PS particles are found to uncontrollably aggregate on their own. This 

behavior is also verified with DLVO calculations in Figure 5.6. The maximum adsorption 

that could be achieved at pH 7 occurs at 30 mM NaCl (largest stable salt concentration) 

and corresponds to coverage of only 33.5% of the oil droplet area. This value is far from 

the maximum coverage (90%) that can be observed in ordered close-packed lattices 

formed from micrometer sized colloidal particles.109 As demonstrated with DLVO theory, 

the decay-length of the repulsive potential preventing particle adsorption at an oil-water 

interface decreases with the addition of salt. The increased ionic strength causes the 

electrical double layer around the particles and oil to shrink and the van der Waals 

attractions and interfacial interactions begin to dominate.149, 150 The DLVO calculations 

suggest that a reduction of the surface potential in the particles and the oil is necessary to 

further increase the particle adsorption. 

 
  (a)      (b) 

Figure 5.9. SANS data for 1 vol% hexadecane in water emulsion stabilized by 0.25 vol% 
80 nm PS latex at (a) pH = 7 for varying NaCl concentrations and (b) 0 mM NaCl and 
varying pH. Lines correspond to the best-fit of the model for Pickering emulsions. 
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Figure 5.9b shows that pH changes can neutralize surface charges at the oil-water 

interface and at the particle surface leading to increased adsorption. As expected, there 

are systematic changes in the scattering curves at low q with the largest upturn occurring 

at the lowest pH values. It is important to note that the negative charge of the 

hexadecane-water interface effectively repels the negative particles away from the 

interface even when strong capillary interactions (50,000 kT) suggest that adsorption is 

very favorable. By neutralizing these charges particle adsorption events become 

increasingly more likely leading to larger surface coverage.  

Using the results of all of the SANS experiments, we can create particle 

adsorption isotherms (Figure 5.10) as a function of pH and NaCl concentration. In 

general, low pH and high salt concentration lead to more particles at the interface. These 

trends agree very well with the interaction potentials that are calculated from DLVO 

theory. Therefore, it is shown that simple electrostatic and van der Waals interactions 

dominate the formation of Pickering emulsions when mechanical forces are absent or not 

strong enough to drive particles past these potential barriers. In this particular system, the 

pH of the solution is found to be the strongest factor to control particle adsorption. 

However, increases in NaCl concentration reduce the Debye length and the decay of the 

repulsive potential. Both of these effects make it more probable for a PS particle to 

adsorb at the hexadecane-water interface. Once particles reach this interface, other 

complex interfacial interactions will dominate their behavior and likely result in 

irreversible adsorption. 
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Figure 5.10. Particle adsorption isotherms calculated from SANS data for 0.25 vol% 80 
nm PS latex 1 vol% hexadecane emulsions at varying ionic strength and pH. 
 
 
5.5.2 Adsorption of cationic gold nanoparticles 

The formation of Pickering emulsions from nanoparticles is significantly more 

challenging, when compared to micrometer particles, due to the lower adsorption energy. 

Typically a surface-active coating is essential to drive the particles into the interface. 

Here, cationic particles were synthesized to demonstrate that electrostatic attraction could 

also be used to generate particle stabilized emulsions via spontaneous adsorption. Figure 

5.11a shows the SAXS patterns for a 0.2 vol% hexadecane emulsion stabilized by 0.002 

vol% 6 nm mercaptoundecyl-trimethylammonium capped gold particles at pH 7. At these 

conditions the zeta potential of the particles and the hexadecane drops are 12 mV and -95 

mV respectively. The particles were added to an existing hexadecane-in-water emulsion 

at time zero. After 5 minutes, the scattering curve is still identical to the particle form 

factor because the particles have not had sufficient time to migrate to the oil interface. As 

time elapses, an upturn at low q develops indicating that more particles are adsorbing at 
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the hexadecane-water interface. Additionally, a correlation peak develops at q=0.078 Å-1 

suggesting an ordered arrangement at the interface. In two dimensions, monodisperse 

spherical particles will usually arrange in hexagonal lattices. Since higher order peaks are 

not distinguished in the scattering, we assume a hexagonal arrangement in order to 

estimate the average inter-particle spacing. This is obtained approximately from the 

position of the first diffraction peak by .151  

In order to confirm the dominance of the electrostatic effects, a control 

experiment was also carried out at pH = 2.5 where the zeta potential of the particles 

remains at 12 mV but the hexadecane interface is effectively neutralized. Thus, these 

conditions are expected to decrease the electrostatic driving force for adsorption. The 

SAXS curves in Figure 5.11b show that the scattering curves of the emulsion remain 

identical to the particle form factor even after one week. This indicates that no particles 

are adsorbed to the hexadecane-water interface due to the lack of electrostatic attraction. 

This difference in adsorption between the two samples highlights the importance of 

considering the nanoparticle and oil droplet charges in the design of emulsification 

protocols.  
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  (a)      (b) 

Figure 5.11. SAXS profiles for 0.2 vol% hexadecane in water emulsion stabilized by 
0.002 vol% 6 nm ammonium capped gold particles at (a) pH = 7 and (b) pH = 2.5. The 
curves in (a) are shifted vertically for clarity. 
 
 
5.6 Discussion 

 The method and solvent conditions used for generating a Pickering emulsion can 

have a clear impact on emulsion stability. In many applications, it may be necessary to 

add stabilizing particles after oil emulsification if, for example, the particles are 

susceptible to degradation due to heating during mechanical emulsification. In these cases, 

capillary forces may not be the primary driving forces for particle adsorption. Instead, it 

is electrostatic and van der Waals interactions that dominate particle adsorption at the oil-

water interface. Through DLVO calculations and scattering studies, we show the charges 

on the oil drops and particles are critical to controlling particle adsorption. Because many 

organic oils are negatively charged in pure water at neutral pH, cationic particles more 

readily adsorb at the interface than anionic particles. This result is similar to the findings 

of Reincke and colleagues.118 They used anionic carboxylic acid functionalized gold 

particles that were dispersed in water with a macroscopic heptane layer. At pH = 9, the 

particles remained in the water phase because both the heptane interface and particles had 
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a negative charge. However, at low pH the charge on the particles is neutralized and they 

adsorbed at the heptane interface to form a film. This phenomenon is reversible and the 

particles disperse back into the water phase when the pH is increased back to 9. Reincke 

and colleagues attributed this behavior to a reduction in the surface charge density on the 

particles and its effect on the chemical potential for particles held at an interface. 

However, these data are also consistent with our findings and also show that surface 

charges are critical considerations for particles approaching an oil-water interface. 

 There are some important limitations inherent to our simple DLVO calculations. 

Namely, in these calculations we assume that particles approach a bare oil-water interface. 

However, in most cases, particles will eventually adsorb onto an interface that is already 

populated by previously adsorbed particles. The adsorption of particles will continuously 

change the net surface charge of the interface and in this way also affect the subsequent 

adsorption of particles. The net interaction energy will actually be a complex function of 

the interface particle concentration and it may no longer resemble the interaction 

potential that was estimated for a bare interface. A natural extension of this work would 

be to incorporate the effect of adsorbed particles into the calculations of the interaction 

potential. This could give a more realistic estimate for the interaction potential of 

particles and oil drops over time and could allow modeling of the adsorption kinetics. 

Despite these simplifications, with SAXS experiments we clearly observe that particle 

adsorption of cationic gold particles continues to increase over time reaching high 

densities that are evident from the formation of a correlation peak. The fluid nature of the 

oil-water interface presumably allows particles to rearrange in order to pack more 

effectively. We expect that the adsorption process transitions from a diffusion-limited to 
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a reaction-limited process as the surface concentration of particles increases. This could 

play an important role in controlling particle arrangement at the interface and could allow 

the formation of a close-packed nanoparticle array. These ordered particle lattices are 

frequently documented in colloidosomes prepared from micrometer particles but have 

been significantly more challenging to produce from nanometer-scale particles due to the 

enhanced Brownian motion and weaker adsorption energy.6, 127 

 

5.7 Summary  

The interaction of charged particles and hexadecane emulsion droplets has been 

carefully examined. For emulsions formed prior to particle addition, the interaction 

potential is a critical consideration when describing the spontaneous adsorption of 

particles at an oil-water interface. These potentials can be modeled with the classic 

DLVO theory and can be shown to correlate well to particle adsorption isotherms that are 

determined from small-angle scattering experiments. In the case of like-charged 

hexadecane and polystyrene particles, the potential is reduced by neutralizing the surface 

charge at low pH and by shrinking the electrostatic screening length with added salt. 

Conversely, positively charged gold particles are especially attracted to the hexadecane 

interface even though they are very small and have low attachment energy. These results 

demonstrate the importance of the particle and oil surface charges in describing the 

spontaneous adsorption of particles to an oil-water interface. 
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Chapter 6: Pickering Emulsions Stabilized by Nanoparticle Surfactants 

Amphiphilic gold nanoparticles are demonstrated to effectively stabilize 

emulsions of hexadecane in water. Nanoparticle surfactants are synthesized using a 

simple and scalable one-pot method that involves the sequential functionalization of 

particle surfaces with polyethylene glycol (PEG) chains and short alkane-thiol molecules. 

The resulting nanoparticles are shown to be highly effective emulsifying agents due to 

their strong adsorption at oil-water and air-water interfaces. The original bare gold 

nanoparticles and PEG-functionalized particles without alkane-thiol are unable to 

effectively stabilize oil-water emulsions due to their small size and low adsorption energy. 

Small angle x-ray scattering and electron microscopy are used to demonstrate the 

formation of nanoparticle-stabilized colloidosomes that are stable against coalescence 

and show significant shifts in plasmon resonance, enhancing the near-infrared optical 

absorption. The work presented in this chapter has been published as a regular article in 

Langmuir. Reproduced in part with permission Langmuir, in press. Unpublished work 

copyright 2012 American Chemical Society. 

 

6.1 Background 

Solid gold nanoshells with a dielectric core are a novel class of optically tunable 

nanostructures that show remarkable promise in medical imaging and photothermal 

cancer therapy applications.152 The relative dimensions of the core radius and shell 

thickness can be tuned to absorb light over a broad spectral range due to the plasmon 

resonance of gold. The ideal structure will have a high absorbance in the near-infrared 

(NIR) wavelength region where blood and tissue are most transmissive as a result of low 
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scattering and absorption from intrinsic chromophores. 153-155 When illuminated, the 

nanoshells serve as a localized heat source, photothermally inducing cell death in targeted 

tissues. The NIR absorbance of the nanoshells also makes them useful contrast agents in 

photoacoustic cell imaging applications.156, 157 Gold nanoshells are also easily 

functionalized with antibodies and other targeting ligands using gold-thiol covalent 

bonding. While these nanoshells are very effective, they are typically 100-200 nm in 

diameter, which is too large for clearance via the renal system. Therefore, accumulation 

of these nanoshells with the potential for long-term toxicity is a major obstacle for this 

technology.158 In contrast, development of a composite colloidosome of gold 

nanoparticles that could disassemble when necessary may offer additional advantages and 

benefits in this regard.159 

The self-assembly of gold nanoparticles at emulsion interfaces could be utilized to 

form small composite nanoshell structures that are photoactive in the NIR region. These 

stable emulsion droplets will have a plasmon resonance comparable to solid gold 

nanoshells because of their similar shape. It is also possible to further tune the optical 

properties of these plasmonic emulsion materials by controlling the particle size and 

inter-particle spacing at the interface. Therefore, emulsions can be optimized for 

maximum NIR absorbance. The major benefit of using a composite colloidosome is that, 

after imaging or treatment, these could be designed to decompose into individual 

nanoparticles that could be naturally excreted from the body.160 Another advantage of 

using armored emulsion droplets is the potential for vaporization of the oil phase. By 

selecting organic phases with adequate boiling points, we can control the maximum 

localized temperature that can be reached upon heating with NIR irradiation.  When the 
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local temperature of the droplet exceeds the boiling point of the oil phase, the droplet will 

vaporize and expand to form a bubble.  This could cause an increase in the inter-particle 

distance and reduce the surface plasmon resonance and NIR absorptivity. This control 

could prevent uncontrollable heating that could potential harm surrounding healthy tissue. 

A schematic representation of the organic phase liquid-vapor transition is shown in 

Figure 6.1. 

 

 

Figure 6.1. Schematic representation of the NIR induced liquid-vapor phase transition of 
composite plasmonic emulsions. 
 

The ability to locally blow a controlled bubble also has potential applications in 

simultaneous photoacoustic (PA) and ultrasound (US) imaging. For this application, 

emulsion droplets will be generated from oil phases that have boiling points that are just 

higher than the internal body temperature (37 ºC).  In the same way as previously 
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described, the dispersed phase of the nanoparticle-stabilized emulsions will be vaporized 

by local NIR-induced heating of the plasmonic nanoparticles at the interface. This will 

cause the oil drop to expand and to form a large bubble with a lower mass density than 

the surrounding materials. In ultrasound imaging, the scattering of the incident sound 

wave is a strong function of the particle size and of the density difference with the 

surroundings. Therefore, one expects a large increase in ultrasound contrast upon 

formation of a bubble. A primary advantage of this approach over traditional US contrast 

agents is that the size of the original oil drops could be made to be one order of 

magnitude smaller than traditional bubble contrast agents (> 1 μm) so these could 

navigate more effectively throughout the vasculature.  When the plasmonic emulsion is in 

the desired location, it can be ‘blown up’ via application of local NIR radiation to provide 

localized US contrast enhancement.  In this chapter we will discuss the initial steps that 

we have been taken to produce ‘armored’ emulsions for use as advanced contrast agents 

in US and PA imaging. 

As discussed in Chapter 5, the adsorption energy of nanoparticles at emulsion 

interfaces is usually similar to the energy of thermal fluctuations (kT) and this can 

severely limit their effectiveness as emulsion stabilizers. One way to improve the 

adsorption of nanoparticles to an oil-water interface is to modify the particle surface. 

Binks and colleagues showed an improvement in emulsion stabilization by 

functionalizing Fe3O4 nanoparticles with a carboxylic acid when compared with the 

adsorption of bare particles.161  Dinsmore et al. measured an increase in the binding 

energy of gold nanoparticles to oil-water interfaces after grafting mercaptoundecyl-

tetra(ethylene glycol) to the gold surface.162 Another way to improve particle adsorption 
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to an interface is to graft surface-active polymers onto the particle surface. Abdulwahab 

showed with simulations that nanoparticles grafted with a purely hydrophilic polymer do 

not adsorb to an oil-water interface while particles grafted with amphiphilic block 

copolymers composed of at least 30% hydrophobic polymer will readily adsorb to an oil-

water interface.163 Tilton and coworkers also modified iron nanoparticles by grafting a 

poly(methacrylic acid)-poly(methyl methacrylate)-poly(styrenesulfonate) triblock 

copolymer to make them effective stabilizers of dodecane in water emulsions.164 

Similarly, they also grafted poly(2-(dimethylamino)ethyl methacrylate) onto silica 

nanoparticles that could be tuned to penetrate the oil-water interface to different 

extents.165 While this elegant approach of polymerizing copolymers on the particles 

surfaces proved to be highly effective, the processes required for synthesizing tethered 

nanoparticles can be labor intensive and costly. 

 As described in Chapter 3, we have developed a simple, scalable and cost 

effective method for synthesizing gold nanoparticle surfactants that spontaneously self-

assemble into clusters of controllable structure.69 In this approach colloidal gold in water 

is first functionalized with thiol terminated poly ethylene glycol (PEG) through simple 

thiol chemistry. The long, bulky PEG-thiol chains sterically stabilize the particles in 

water. Subsequent functionalization with a short alkane-thiol renders the particles 

amphiphilic. The resulting particles are surface active and form rafts at the air-water 

interface and stable nanoparticle clusters in dispersion. These clusters are reminiscent of 

micelles formed from molecular surfactants with aggregation numbers that can also be 

accurately controlled by modifying the grafting density of the polymer on the 

nanoparticle surface. Like molecular surfactants, the nanoparticle surfactants are also 



122 
 

effective emulsifiers because of their amphiphilic nature. During the emulsification of oil 

with an aqueous dispersion of these clusters, the clusters readily break apart and particles 

adsorb to the oil-water interface. Figure 6.2 illustrates the preparation method for the 

nanoparticle surfactants and the hypothesized particle arrangement at the interface after 

emulsification. In this chapter, we demonstrate the effectiveness of these emulsifiers 

through the formation of stable emulsion droplets using several types of nanoparticle 

surfactants. 

 

Figure 6.2. Schematic representation of the synthesis of nanoparticle surfactants and the 
stabilized oil-water emulsions. Particles are functionalized with a controlled amount of 
PEG-thiol (represented in blue) followed by saturation with a hydrophobic alkane-thiol 
(represented in red). Clusters spontaneously form in water dispersions. After 
emulsification with oil, nanoparticles adsorb to the oil-water interface with the alkane-
functionalized portion of the particle exposed towards the oil phase. 
 

 

6.2 Experimental Methods 

Hexadecane, perfluorohexane, 2,2-dimethylbutane, sodium citrate, gold chloride 

trihydrate, butane-thiol, octane-thiol and dodecane-thiol are purchased from Sigma 

Aldrich (St. Louis, MO) and used as received. Thiol-terminated Poly(ethylene glycol) 

methyl ether (10 kDa) is obtained from Polymer Source (Dorval, Quebec Canada). 

Colloidal gold nanoparticles are synthesized using the citrate reduction method described 
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by Frens to produce 12 nm diameter particles that are approximately 0.02 wt% gold in an 

aqueous buffer.82 The particles are rendered amphiphilic by sequential functionalization 

with PEG-thiol and alkane-thiol using a process described in a previous publication.69 

The surface concentrations of PEG-thiol used in this study are 0.6, 0.8 and 1.8 chains/nm2 

Au as determined from thermogravimetric analysis (TGA). After functionalization, the 

particles are concentrated by pressurized diafiltration (Millipore) to a 0.47 wt% gold 

dispersion. 

Hexadecane-in-water emulsions (1 vol% hexadecane and 0.02 vol% gold) are 

prepared using a Branson Digital Sonifier with a 102C microtip operated at 30% 

amplitude power that is pulsed one second on, one second off for one minute in the 

presence of particles. The UV-Vis spectroscopy is carried out using a Thermo Scientific 

Evolution 300 system in the visible and ultra-violet range (300-1100 nm). The size 

distribution of the emulsified oil drops is examined with a Zeiss Axiovert 40 CFL optical 

microscope at 40x magnification. The lyophilized oil droplet dispersions are also 

examined at a 15,000x magnification with a FEI Sirion Scanning Electron Microscope 

(SEM) operating at 5 kV. Oil droplets and clusters are also examined with a FEI Tecnai 

G2 F20 Transmission Electron Microscope (TEM) operating at 200 kV. Images are 

processed using ImageJ software developed at the National Institutes of Health.139 

Interfacial tension measurements are performed with a Kruss Tensiometer K12 equipped 

with a Wilhelmy slide. 

Small-Angle X-ray Scattering (SAXS) is used to determine the particle 

arrangement before and after emulsification. SAXS experiments are performed in an 

Anton Paar SAXSess instrument (Graz, Austria) with a line-collimation system using a 
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Cu-Kα source with a wavelength of 1.54 Å. The data are placed on an absolute scale by 

referencing to the scattering of pure water which is known to have an absolute scattering 

cross-section of 0.0162 cm-1.166 The scattering curves are subsequently desmeared using 

the Lake iterative method prior to data fitting with Igor macros developed at NIST.54, 57 

The smeared scattering curves are also fit directly using the DANSE SansView software 

and both methods result in identical fit parameters.55 SAXS experiments are performed 

on 0.01 wt% gold samples. The difference in scattering length density (SLD) of gold and 

water (∆ρAu-H2O = 1.14*10-4 Å-2) is much greater than hexadecane and water (∆ρC16H34-H2O 

= 1.94*10-6 Å-2), so the gold particles dominate the scattering. 

 

6.3 Results and Discussion 

6.3.1 Hexadecane Emulsions 

Amphiphilic gold particles functionalized with PEG-thiol and alkane-thiol using 

the new synthesis scheme are shown to readily adsorb at a macroscopic hexadecane-

water interface. The particles are surface active and can reduce the interfacial tension, 

similar to a small molecule surfactant. We measure the interfacial tension of our 

hexadecane and water to be 34.72 ± 0.32 mN/m. The interfacial tension value decreases 

to 28.05 ± 0.32 mN/m when 0.8 PEG chains/nm2Au and butane-thiol functionalized 

particles is added at extremely low concentrations (0.00005 vol% Au). The interfacial 

tension is also constant at much higher particle concentrations (up to 0.005 vol% Au). In 

addition, the interfacial tension values are also affected by the type of alkane-thiols that 

coats the nanoparticle surfactants.  The interfacial tension of hexadecane and water in the 

presence of 0.005 vol% Au particles that are functionalized with 0.8 PEG chains/nm2 Au 
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and octane-thiol or dodecane-thiol is 29.80 ± 0.29 mN/m and 31.12 ± 0.28 mN/m 

respectively.  This shows that shorter alkane-thiol chains reduce interfacial tension to a 

larger extent implying that they are more surface active. 

In this study we examined Pickering emulsions composed of 1 vol% hexadecane 

and 0.02 vol% amphiphilic gold particles in water at neutral pH. The formation of 

particle-stabilized oil droplets from nanoparticle surfactants containing 0.8 PEG 

chains/nm2Au and butane-thiol on the surface is confirmed with several microscopy 

techniques. Optical microscopy of a dilute emulsion shows many small stable droplets 

that are approximately 1 µm diameter (Figure 6.3a). Smaller drops could also be present 

but these would not be visible with simple optical microscopy. Scanning electron 

microscopy (SEM) has a higher magnification that allows closer examination of 

nanoparticle-stabilized emulsion droplets. Unfortunately, the samples had to be dried 

prior to analysis with electron microscopy. Freeze-drying (lyophilizing) was used to dry 

the samples while preventing the complete destruction of the interfacial particle 

structures so that these could be imaged. In Figure 6.3b we see that the droplets are 

partially deflated and fractured from the drying process, but the particles still retain their 

shell structure after the hexadecane and water have fully evaporated. Only one 

representative droplet is shown here, but tens of similar droplets were imaged using this 

approach. Finally, transmission electron microscopy (TEM) is also shown in Figure 6.3c. 

This technique also shows collapsed droplets with parts of the shell structure still evident. 

However, the higher resolution of TEM also allows imaging of the individual gold 

particles at the interface. TEM is also used to examine the structure of the particle 

clusters that form in water (analogous to surfactant micelles) before emulsification. While 
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there is a clear distribution of cluster sizes, the most abundant cluster geometry for the 

0.8 PEG chains/nm2Au and butane-thiol functionalized particles is that of a trigonal 

dipyramid structure with five particles in each cluster. One of these representative 

clusters is also shown in Figure 6.3d. 

 
Figure 6.3. Micrographs of a 0.01 vol% hexadecane in water emulsion stabilized by 0.8 
PEG chains/nm2Au and butane-thiol functionalized amphiphilic gold nanoparticles taken 
with a) optical microscopy, b) scanning electron microscopy and c) transmission electron 
microscopy. d) Characteristic particle cluster observed with transmission electron 
microscopy. 
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UV-Vis spectroscopy gives further information about the relative particle 

arrangement in the dispersed emulsions. Colloidal gold exhibits a unique absorbance 

spectrum that is dependent on the particle size and shape due to surface plasmon 

resonance.167, 168 The characteristic peak for 12 nm bare gold particles occurs at 520 nm 

and this is red-shifted when particles are in close proximity to each other. Figure 6.4a 

shows UV-Vis absorbance measurements for PEG-functionalized particles before 

(individual particles) and after (multi-particle clusters) butane-thiol functionalization and 

for hexadecane emulsions stabilized with the nanoparticle surfactants. The peak 

absorbance for particles with 0.8 PEG chains/nm2 Au prior to butane-thiol addition 

occurs at a wavelength of 522 nm and appears red in color as shown in Figure 6.4b. The 

slight shift in absorbance peak occurs because of a change in the local refractive index 

around the particles due to the bound PEG chains surrounding the particles. After the 

addition of butane-thiol, the particles are amphiphilic and the absorbance peak shifts 

more significantly to 536 nm with the dispersion now appearing purple. This occurs 

because the particles are organized into small clusters and the plasmon resonance of 

particles couple with neighbors within the cluster to shift the resonant wavelength.168-170 

Finally, the absorbance peak broadens and shifts dramatically to 680 nm when the 

particles are emulsified with hexadecane indicating that the particles are close-packed 

and form a dense shell at the emulsion interface. Figure 6.4c shows a picture of the 

concentrated emulsion with light illuminating the sample from behind (transmitted) and 

from the front (reflected). This demonstrates the deep blue color acquired by the 

emulsion due to the increased absorption of red light and also the metallic sheen that is a 

clear indication that particles are close-packed at the oil-water interface. 
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Figure 6.4. a) UV-Vis absorption spectra of gold nanoparticles functionalized with 0.8 
PEG chains/nm2 Au before and after butane-thiol functionalization and after 
emulsification with hexadecane. b) Photograph demonstrating the color shift of PEG-
functionalized singlet particles, clustered nanoparticle surfactants and emulsions 
stabilized by the nanoparticle surfactants. c) Photographs of a concentrated particle-
stabilized emulsion with light transitted through and reflected. 

 

Small-angle x-ray scattering (SAXS) is also used to examine the nanostructure 

and particle arrangement in the emulsions directly in the dispersed state without solvent 

removal. Due to the large scattering contrast between gold and water relative to 

hexadecane-water and PEG-water, the scattering measured with SAXS originates 

primarily from the shape and arrangement of the gold nanoparticles. Figure 6.5 shows the 

desmeared scattering curves for bare particles, clustered particles and emulsified particles. 

The curves are shifted vertically by factors of 10 (clusters) and 104 (emulsion) to help the 

reader distinguish between curves. The desmeared data are shown here so that the 

correlation peak positions can be determined directly. However, the fits are also 
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performed on the original smeared scattering data in an absolute scale by properly 

accounting for smearing due to the line-collimation system. The curve for the bare 

particles is fit using a spherical particle model resulting in a particle radius of 6.11 nm. 

The scattering length densities and volume fractions are known and held constant (𝜙p= 

0.00024 ρw = 9.46*10-6 Å-2 and ρp = 1.25*10-4 Å-2).  

A predicted scattering curve for the clustered particles is calculated using the 

classic Debye model.87 The scattering profiles for the various cluster types can be 

calculated from simple geometric models as we have previously done and discussed in 

detail in Chapter 3.69 TEM micrographs indicate the most abundant cluster geometry for 

this sample is a five particle trigonal dipyramid. However, from TEM data we can also 

measure the distribution of sizes in terms of the number of primary particles in each 

cluster. The experimental scattering curve of the cluster dispersions can then be predicted 

by weighting the calculated curves for each cluster geometry with a population histogram 

generated from the TEM data. The resulting calculated scattering curve matches the 

experimental data closely without any data fitting.  

Finally, the scattering curve of the particle-stabilized emulsion is fit with a model 

that was recently developed specifically for Pickering emulsions.58 The best fit of the data 

is achieved when a mean oil droplet radius of 494 nm is used with a polydispersity index 

of 0.1 (Gaussian distribution) and with 88.0% of the oil-water interface covered with 

adsorbed amphiphilic gold particles. All other parameters (ρw = 9.46*10-6 Å-2, ρo =  

7.52*10-6 Å-2, ρp = 1.25*10-4 Å-2, Rp = 6.11 nm, δ = 0, 𝜙o = 0.01 and 𝜙p = 0.00024) are 

held fixed during data fitting because they are known from the sample preparation or they 

are determined from independent x-ray scattering measurements.  
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Additionally, there are slight deviations compared to the bare particle curve in the 

high q region that is typically dominated by the individual particle size and shape. These 

deviations arise from in-plane correlations of particles located at the oil droplet interface. 

Moreover, in this region the data shows a broad correlation peak that is located at 

approximately q = 0.55 nm-1 suggesting that some degree of lateral order is present at the 

interface. While the Pickering model is not able to account for in-plane particle 

correlations, we can still use the rough location of the broad diffraction peak to 

approximate the inter-particle spacing at the interface. Assuming a hexagonal 

arrangement, we estimate the inter-particle distance by the position of the first diffraction 

peak using .151 This distance is on the order of a particle diameter, 

which should also correspond to the inter-particle distance for close-packing. However, it 

should be noted that this is only a rough approximation because the exact peak position is 

difficult to determine from the broad peak. 

From the fit parameters we can also calculate that only 10.5% of all the particles 

in the sample are located at the oil-water interface. This suggests that potentially more 

particles could have adsorbed to an oil-water interface if there was more room available. 

Thus, it could also be possible to stabilize higher concentrations of oil or smaller oil 

droplets (i.e. more total interface) if it were possible to generate smaller droplets via 

sonication or with other emulsification methods. Nevertheless, another possible 

explanation for the low adsorption value could also be that there is a dynamic equilibrium 

between particles in the bulk and the interface. Yet, we find that the average size of the 

oil droplets remains constant when varying the relative concentrations of both oil and 

particles.  Emulsions with 1 vol% hexadecane and varying amounts of gold (0.0005 vol% 
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Au, 0.00025 vol% Au and 0.0001 vol% Au) all result in oil droplet radii of ~500 nm as 

measured by DLS. Therefore, the results suggest that it is the mechanical forces of the 

sonication process that limit the total amount of interface that can be generated. 

 
Figure 6.5. Desmeared SAXS data for bare gold nanoparticles, clustered amphiphilic 
gold nanoparticles in water and emulsified amphiphilic gold nanoparticles. The bottom 
curve is scattering from bare gold particles in water which is fit by a spherical model with 
Rp = 6.11 nm, 𝜙p= 0.00024 ρw = 9.46*10-6 Å-2 and ρp = 1.25*10-4 Å-2. The middle curve 
(shifted by a factor of 10 for clarity) is the scattering data for a nanoparticle surfactant 
cluster in water and the modeled scattering curve calculated using the Debye equation. 
The top curve (shifted by a factor of 104) is for a 1.0 vol% hexadecane in water emulsion 
stabilized by 0.024 vol% 6.11 nm amphiphilic gold particles. Parameters of the model are 
Ro = 494 nm with a polydispersity index of 0.1 (Gaussian distribution), Rp = 6.11 nm, δ = 
0, 𝜙o = 0.00998, 𝜙p

T = 0.00024, ρw = 9.46*10-6 Å-2, ρo = 7.52*10-6 Å-2, ρp = 1.25*10-4 Å-2, 
88.0% interface coverage. 
 

 Nanoparticle surfactants with varied PEG-thiol concentrations and different 

alkane-thiols will also effectively stabilize emulsions but to different extents. In addition 

to inducing adsorption, the alkane-thiol length and the surface PEG-thiol concentration 
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also control how closely the particles are able to pack when located at the interface. 

Figure 6.6a shows the absorbance spectra for emulsions stabilized by particles with 0.6 

PEG chains/nm2Au and different alkane-thiols. It is clear that, when the length of the 

alkane-thiol shrinks, the peak absorbance red-shifts to higher wavelengths. This indicates 

that the particles are more closely packed at the interface allowing for stronger coupling 

between surface plasmons in adjacent particles.170 Particles containing PEG-thiol but 

without alkane-thiol are not able to stabilize an emulsion and the spectra is identical to 

that of the particles in water prior to emulsification. Although the samples were initially 

turbid, the samples recovered the original spectra after the emulsion droplets coalesced. 

Figure 6.6b shows the wavelength of the peak absorbance plotted as a function of the 

surface concentration of PEG-thiol and the type of alkane-thiol. For all PEG-thiol 

loadings, emulsions using the butane-thiol particles (circles) have the largest shift in 

absorbance wavelength while the dodecane-thiol particles (squares) result in emulsion 

with the smallest shift. The PEG-thiol concentration on the nanoparticle surface also 

causes slight changes in the absorbance where higher concentrations result in a smaller 

peak shift due to larger steric interactions between neighboring particles. Furthermore, 

nanoparticle surfactants having the highest polymer concentration (1.8 PEG 

chains/nm2Au) stabilize emulsions despite being ‘singlets’ in water. In other words, the 

steric hindrance prevents the particles from forming clusters in dispersion but it does not 

prevent their adsorption at oil-water interfaces.  
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(a)                                         (b) 

Figure 6.6. a) UV-Vis spectra of 1 vol% hexadecane in water emulsions stabilized by 
nanoparticle surfactants with 0.6 PEG chains/nm2Au and different alkane-thiols. The 
curves are normalized by the total particle concentration in each sample. b) Absorbance 
peak plotted as a function of PEG-thiol concentration for butane-thiol (circles), octane-
thiol (triangles) and dodecane-thiol (squares) where the dotted line is the absorbance for 
bare gold particles. 
 

 SAXS allows us to directly quantify particle adsorption at the oil droplet interface 

and values are found to be quite high. The scattering curves for all samples, containing 

different polymer concentrations and alkane-thiol lengths, are also fit using the Pickering 

emulsion model as demonstrated previously in Figure 6.5. The scattering length densities 

and oil and particle volume fractions are held fixed as before, but the particle radii are 

6.55 nm for the 0.6 and 1.8 PEG chains/nm2Au nanoparticle surfactants because a 

different batch of particles was used. All fits result in an oil droplet radius of 498 ± 2 nm 

and a polydispersity index of 0.1 (Gaussian distribution) but with varying nanoparticle 

surface coverage. Examples of the scattering curves and data fits are shown in Figure 

6.7a for the 1.8 PEG chains/nm2Au particle emulsions. The increasing slope with 

decreasing alkane-thiol length at low q indicates that more particles cover the oil-water 

interface for shorter thiols. We also clearly see that particles with PEG-thiol but without 
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alkane-thiol functionalization do not show any interfacial particle adsorption and the 

emulsion is therefore unstable. The percentage of the oil surface area that is covered with 

particles is plotted as a function of PEG-thiol concentration for various nanoparticle 

surfactants in Figure 6.7b. The particles with 0.6 PEG chains/nm2Au and butane-thiol 

result in the highest interface coverage (88.5%) at a hexadecane-water interface, which 

nearly reaches the limit of hexagonally closed-packed particles (90%). Using particles 

with the same PEG-thiol loadings but with octane-thiol or dodecane-thiol, causes the 

percent interface coverage to reduce to 75.4% and 50.0% respectively. This corresponds 

to an increase in the average gold particle spacing of 0.5 nm and 2.1 nm relative to 

emulsions stabilized with butane-thiol. The measured difference between butane-thiol 

monolayer film thicknesses on flat substrates and those of the longer alkane-thiols is 

approximately 0.5 nm (octane-thiol) and 1.3 nm (dodecane-thiol).85 This correlates well 

with the spacing differences calculated from scattering suggesting that the small thiol 

ligands are acting as spacers between particles.  However, this trend breaks down at 

higher PEG-thiol loadings. Particles with 1.8 PEG chains/nm2Au and dodecane-thiol 

adsorb strongly to the interface but have a significantly lower interface coverage value 

(34.6%). This suggests that these surfactant nanoparticles are effective emulsifiers, but 

the gold only covers a small area of the total interface because of lateral repulsion 

between particles.  

We also observe a clear correlation between the packing density measured with 

SAXS and the absorbance shift in the spectroscopy data. Emulsions formed with butane-

thiol nanoparticle surfactants have the highest particle packing at the interface and this 

results in a spectrum where the main plasmon peak is red-shifted by the largest extent. 
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The butane-thiol nanoparticle surfactants have the most efficient packing because they 

have the shortest alkane chain length. Additionally, we can tune the packing at the 

interface by controlling steric hindrance through variations in the PEG-thiol 

concentration. By modifying the inter-particle spacing of particles at the interface, we can 

thus tune the UV-Vis absorption spectra. This is particularly important in emerging 

applications such as photothermal therapy where we must carefully engineer absorbance 

in the NIR region for optimal heating. 

 
(a)                                                                    (b) 

Figure 6.7. a) SAXS data and fits to the Pickering emulsion model for 1 vol% 
hexadecane in water emulsions stabilized by surfactant nanoparticles containing 1.8 PEG 
chains/nm2Au and different types of alkane-thiol molecules. Parameters of the model are 
Ro = 498 nm with a polydispersity index of 0.1 (Gaussian distribution), Rp = 6.55 nm, δ = 
0, 𝜙o = 0.0998, 𝜙p

T = 0.00024, ρw = 9.46*10-6 Å-2, ρo = 7.52*10-6 Å-2, ρp = 1.25*10-4 Å-2. 
The butane-thiol emulsion (shifted by a factor of 103), octane-thiol emulsion (shifted by a 
factor of 102), dodecane-thiol emulsion (shifted by a factor of 10) and no alkane-thiol 
emulsion are best fit with a 85.5%, 60.0%, 34.6% and 0% interface coverage respectively. 
b) Percent interface coverage plotted as a function of PEG-thiol concentration for butane-
thiol (circles), octane-thiol (triangles) and dodecane-thiol (squares). 
 

 Bare gold nanoparticles and PEG-functionalized particles without alkane-thiol do 

not adsorb at the oil-water interface nor do they exhibit any emulsification properties. 

The UV-Vis spectra and x-ray scattering curves are identical before and after 
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emulsification in the presence of bare particles and no stable oil droplets are observed 

with microscopy. Conversely, the data clearly show that the nanoparticle surfactants are 

stabilizing the hexadecane in water emulsion, and they are adsorbed at the oil-water 

interface. This is significant because it indicates that the self-assembly of particles at an 

interface can be tuned through a simple functionalization protocol to form nanoparticle 

surfactants. Particle adsorption at oil-water interfaces has previously been demonstrated 

using particles grafted with amphiphilic block copolymers.164, 171 Our approach, however, 

does not require costly or time-consuming polymerization and purification steps. 

Furthermore, the particle packing density can be tuned through the formulation of 

different types of nanoparticle surfactants. 

 

6.3.2 Low Boiling Point Oil Emulsions 

One of the unique benefits of forming a composite gold nanoshell around an oil 

droplet core is the potential to vaporize the oil phase for controlled heating and 

ultrasound contrast enhancement.  However, for this application, the organic phase must 

be chosen carefully.  The boiling point must be higher than body temperature so that the 

oil only vaporizes upon external irradiation, but also low enough so that the heat 

generated from NIR absorbance is sufficient to drive vaporization. Additionally, the 

toxicity of the organic phase is an important consideration for biomedical applications. 

Emulsions for this study are generated by two methods, sonication and extrusion.  

In the first method, the organic phase is sonicated with water in the presence of 

nanoparticle surfactants with sequential pulses (one second on, four seconds off) for a 

total of one minute at a 30% power amplitude.  The intermittent pulsing is used to 
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prevent oil evaporation due to excessive heating that can occur during sonication.  In the 

second method, the oil and water are sonicated for five seconds and then passed through a 

200 nm pore extrusion filter to control the size of the final oil droplets.  The extruded 

emulsion is then added to the particle dispersion, requiring spontaneous adsorption of the 

nanoparticle surfactants. It is not possible to extrude Pickering emulsions directly because 

the particles adsorb to the polycarbonate filter. 

Due to its boiling point (TB = 50 °C), 2,2-dimethylbutane is tested as a possible 

vaporizable hydrocarbon oil. Dilute 0.5 vol% 2,2-dimethylbutane emulsions are 

generated using 0.001 vol% gold with a dose concentration of 5 PEG chains/nm2Au and 

700 butane-thiol molecules/nm2Au. Neither of the emulsion preparation methods resulted 

in stable droplets that are visible with optical microscopy.  However, many of the 

particles form large aggregates in dispersion.  This unexpected result is related to the 

dilute nature of the emulsions that are used (0.5 vol%).  The solubility of 2,2-

dimethylbutane in water at room temperature is 2 wt%. This exceeds the concentration 

that is used in the emulsification process.172 Thus, all of the oil is eventually dissolved 

into the dispersed phase and stable emulsion droplets cannot be formed in dilute 

conditions. For the intended application, a dilute suspension of the plasmonic emulsions 

is a key requirement. Thus, it is essential to utilize oils that are much more insoluble in 

water. 

Perfluorohexane is insoluble in water (solubility < 10 ppm) and also has an 

adequate boiling point of 60 °C.173 When emulsified with water by extrusion through 200 

nm membrane and subsequent addition of the nanoparticle surfactant, the particles are not 

able to adsorb strongly at the oil-water interface.  This is indicated by the UV-Vis 
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absorbance spectrum that is shown in Figure 6.8a. The absorbance in the NIR region is 

low, suggesting low particle concentrations at the interface.  Similarly, the small angle x-

ray scattering curve of the emulsion (Figure 6.8b) is almost identical to the scattering of 

bare gold particles.  This suggests that the nanoparticle surfactants may not be able to 

spontaneously adsorb to the oil-water interface and that they must be mechanically forced 

to the interface.   

A 0.5 vol% perfluorohexane emulsion is also generated through sonication in the 

presence of 0.001 vol% nanoparticle surfactants that are functionalized with a dose 

concentration of 5 PEG chains/nm2Au and with excess butane-thiol as described in 

Chapter 3.  Small angle x-ray scattering and UV-Vis spectroscopy both indicate that these 

particles are singlets in dispersion prior to emulsification.  When sonicated with 

perfluorohexane, a stable emulsion is formed with an average oil droplet diameter of 140 

nm as determined by dynamic light scattering (DLS). The particles adsorb strongly to the 

interface, resulting in increased NIR absorbance that arises from the plasmon resonance 

of the coupled particles.  Additionally, the SAXS curve from the emulsion has a 

significant slope at low q that indicates effective particle adsorption to the oil-water 

interface.  The slight development of a correlation peak at q = 0.55 nm-1 also suggests 

that some in-plane ordering is occurring. 
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(a)                                                                    (b) 

Figure 6.8 a) UV-Vis absorption spectra and b) smeared SAXS data for 0.001 vol% bare 
gold particles, gold nanoparticles functionalized with a dose of 5 PEG chains/nm2 Au and 
a large excess of butane-thiol and for emulsions of these particles with 0.5 vol% 
perfluorohexane. 
 
  

 An optical micrograph of the stable emulsion at room temperature taken at 40x 

magnification is shown in Figure 6.9a.  Additional small droplets are visible through the 

eye piece but these are smaller than the resolution limit of the camera.  Still, the 

micrograph shows many individual droplets.  The sample is then heated to 70 °C directly 

in the microscope slide with the use of a heat gun. Many of the oil droplets expand by 

approximately one order of magnitude as seen in Figure 6.9b.  This indicates the oil 

droplets are vaporizable if sufficient heat is applied.  
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Figure 6.9 Optical microscopy of a 2.8 vol% perfluorohexane emulsion stabilized by 0.2 
vol% gold nanoparticles functionalized with 5 dose PEG chains/nm2 Au and butane-thiol 
at a) 21 °C and b) 70 °C. 
 

 Through collaboration with the O’Donnell group in Bioengineering, the 

perfluorohexane emulsions are also evaluated for use as contrast agents in US and PA 

imaging. The sonicated perfluorohexane emulsion is irradiated with NIR light while 

simultaneously measuring the ultrasound and photoacoustic signals. The dispersed 

nanoparticle surfactant emulsion nanostructures are loaded into a 1 mm diameter 

polytetrafluoroethylene optically transparent tube that is immersed in a water tank. The 

radiation source is a variable wavelength pulsed laser operating at λ= 810 nm, 4.5 mJ and 

20 Hz pulses, resulting in an average power output of 90 mW spread over an area that is 

3-5 mm in diameter.  An ultrasound transducer simultaneously acquires the photoacoustic 

signal and ultrasound pulse-echo imaging. The details of the experimental setup are 

located in Appendix B.  Figure 6.10 shows snapshots of the photoacoustic signal (Figure 

6.10a) and ultrasound signal (Figure 6.10b) after the sample has been irradiated for 1.10 

seconds.  The bright orange color in the photoacoustic measurement will be strongest 

when the NIR absorbance is highest and the particles are in close contact.  Conversely, 

the backscattered ultrasound signal increases when there are large density differences in 
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the sample and when the size of the dispersed objects is larger.  Therefore, this should 

correspond to oil vaporization. Figure 6.11 shows the change in the integrated intensity 

signal as a function of time irradiated.  The signal is integrated over the yellow boxes 

denoted in Figure 6.10.  Interestingly, we see definite increases in the photoacoustic 

signal once the sample is irradiated by the laser.  Similarly, there is a sharp increase in the 

ultrasound signal suggesting that bubbles are forming. There are also some very 

interesting changes in the signal over time, but much more work is required to fully 

interpret the meaning of these changes. Still, these exciting results demonstrate that 

plasmonic emulsions have significant potential for success in medical imaging and 

photothermal therapy applications. Despite this early success, the system requires 

significant optimization for specific applications and should be a major thrust for ongoing 

research in this field. 

 

 
(a)                                                                 (b) 

Figure 6.10. a) Photoacoustic and b) ultrasound signal of a 2.8 vol% perfluorohexane 
emulsion stabilized by 0.2 vol% gold nanoparticles functionalized with 5 dose PEG 
chains/nm2 Au and butane-thiol after irradiation with a 810 nm wavelength laser for 1.10 
seconds. 
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                                     (a)                                                                        (b) 
Figure 6.11. a) Integrated photoacoustic and b) ultrasound signal as a function of 
irradiation time with a 810 nm laser for a 2.8 vol% perfluorohexane emulsion stabilized 
by 0.2 vol% gold nanoparticles functionalized with 5 dose PEG chains/nm2 Au and 
butane-thiol. The numbers in the legend correspond to sequential repetitions of the 
measurement. 
 

6.4 Summary 

 The ability to tune nanoparticle packing at a dispersed oil interface and also the 

resulting plasmon resonance of metallic particles can be useful for a number of 

applications. As previously discussed, the ability to engineer the gold particle spacing and 

therefore the NIR absorbance is critical to the design of nanostructures for medical 

imaging and photothermal therapy. While solid gold shells have been proven effective 

theranostic agents due to a high NIR absorbance, they are too large to clear through the 

renal system. Thus, composite structures of small nanoparticles (D < 5 nm) that are NIR 

absorbent and can be cleared by the renal system could be advantageous for new cancer 

therapies and imaging technologies. 

 Self-assembling nanoparticle surfactants are shown to effectively stabilize 

hexadecane-in-water and perfluorohexane-in-water emulsions. These functional 

nanoparticles are synthesized through sequential grafting of controlled amounts of 
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hydrophilic PEG-thiol chains and short hydrophobic alkane chains using thiol chemistry. 

This simple protocol results in amphiphilic particles that are able to assemble at an oil-

water interface at high interfacial concentrations. Furthermore, it is possible to control the 

particle packing density at the interface through manipulation of steric interactions. This 

also provides a mechanism to tune the plasmon resonance of the self-assembled metallic 

particles. These new types of plasmonic emulsions make it possible to design new 

nanomaterials for a wide range of applications in nanomedicine and renewable energy 

among others. 
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Chapter 7: Conclusion 

 

7.1 Key Results 

 Nanoparticle self-assembly is critical to the engineering of many new materials 

for a wide range of applications. While there have been many approaches to particle self-

assembly in recent years, they often have unique limitations including short-term stability, 

high production costs or limited batch size. To address these issues, this research was 

focused on the development of simple, scalable and cost effective strategies for the 

reliable self-assemble of nanoparticles. More specifically, we have developed methods 

for directed self-assembly of nanoparticles in dispersion and enhanced self-assembly of 

nanoparticles at oil-water interfaces. 

 In Chapter 3 we presented a simple, one-pot method for synthesizing self-

assembling nanoparticle surfactants in dispersion. The gold nanoparticles are first 

functionalized with thiol-terminated polyethylene glycol to sterically stabilize the 

particles in water. Subsequently, the particles are saturated with an alkane-thiol to render 

them amphiphilic. In a manner reminiscent of molecular surfactants, the particles cluster 

with the hydrophobic region shielded in the center of the cluster. We also show the initial 

PEG-thiol concentration on the particles dictates the size of the final cluster. Dynamic 

light scattering, small angle x-ray scattering and transmission electron microscopy show 

that large clusters are formed at the lower PEG-thiol concentration limit and particles 

remain singlets at the upper PEG-thiol saturation limit. Additionally, it is also possible to 

expand this new cluster synthesis method, where self-assembly is controlled with steric 

hindrance, to make clusters from particles of various materials and size. 
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 The mechanism for nanoparticle surfactant synthesis is further examined in 

Chapter 4. Thermogravimetric analysis indicates that alkane-thiol ligands competitively 

adsorb on the gold surface and replace previously surface-bound PEG-thiol. The extent of 

this competitive adsorption is directly dependent on the alkane-thiol length. Moreover, 

the alkane-thiol forms monolayers with varying surface packing density. The densest 

monolayer is observed for octane-thiol ligands, which is evidenced by the largest particle 

alkane molecule to gold ratio as determined by TGA. Interestingly, the alkane-thiol 

packing density and length also control the PEG-thiol extension. Dynamic light scattering 

(DLS) shows that the hydrodynamic size of singlet particles is largest after adsorption of 

octane-thiol and smallest after the adsorption of butane-thiol, which forms the least dense 

monolayer. This difference in PEG-thiol conformation occurs because the polymer is 

repelled from the hydrophobic alkane-thiol surface. In the case of patchy alkane 

monolayers, the PEG-thiol partially wraps around the particle next to the open, citrate-

capped gold surface. However, the PEG-thiol extends into the solvent in the presence of a 

dense alkane monolayer. 

 The PEG-thiol extension and surface concentration both impact the formation of 

clusters from nanoparticle surfactants. In a way that is analogous to molecular surfactants, 

the aggregation number is controlled by the occupied volume and length of the 

hydrophilic polymers. The occupied volume of the polymer is directly controlled by the 

surface concentration of PEG-thiol. This was first shown in Chapter 3 by changing the 

dose PEG-thiol concentration and using octane-thiol as the clustering ligand. In Chapter 4, 

we show the same principle is true for particle surfactants with different alkane-thiols but 

the same dose PEG-thiol concentration. In the latter case, the length of the alkane-thiol 
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determines the extent of PEG-thiol replacement on the gold surface and therefore the 

aggregation number. Additionally, nanoparticle surfactants that have a more extended 

polymer conformation will result in larger clusters. Understanding these parameters is 

extremely useful for the engineering of self-assembling particles in dispersion for a wide 

range of applications. 

 Another important class of self-assembly is the adsorption of nanoparticles at oil-

water interfaces. Specifically, in Chapter 5 we examined the spontaneous adsorption of 

charged nanoparticles to hexadecane droplets. The adsorption energy of particles to the 

oil-water interface scales with the square of particle radius, so nanoparticles are not 

tightly bound to the interface and are usually less effective emulsifiers. Typically, 

Pickering emulsions are mechanically formed in the presence of particles, which forces 

the particles to the interface. However, the adsorption of particles to a previously formed 

emulsion droplet is more complex. Here we showed the spontaneous adsorption of 

particles is dependent on the interaction potential between the surface of the oil droplet 

and particles. These potentials are modeled using DLVO theory to show that the ionic 

strength of the solution and the charges on the oil droplet and particles are critical to 

particle adsorption. The adsorption of charged nanoparticles to hexadecane in water 

emulsions is determined experimentally with small angle scattering. Both theory and 

experiments show that for like-charged hexadecane and polystyrene particles, the 

potential is reduced by neutralizing the surface charge at low pH and by shrinking the 

electrostatic screening length with the addition of salt. In contrast, positively charged 

particles are electrostatically attracted to the negative hexadecane interface despite having 
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a low attachment energy. These studies show the importance of surface charges in the 

spontaneous adsorption of particles to an oil-water interface. 

 Another method for controlling the nanoparticle adsorption at emulsion interfaces 

is through particle functionalization. In Chapter 6 we demonstrate the strong adsorption 

of nanoparticle surfactants at oil-water interfaces. The amphiphilic nature of these 

particles makes them highly effective emulsifying agents that pack to form stable 

colloidosomes. Additionally, the close packing of the metallic particles causes significant 

shifts in plasmon resonance so that the structures have a high absorbance in the near-

infrared wavelength region. Small angle x-ray scattering shows we are able to control the 

fraction of the oil interface that is covered by particles, and therefore the inter-particle 

spacing, by changing the PEG-thiol surface concentration and the alkane-thiol length. 

Differences in the inter-particle spacing also result in varying shifts in the plasmon 

resonance. Thus, it is also possible to tune the NIR absorbance of the colloidosomes 

through particle functionalization. The ability to engineer the NIR absorbance is critical 

to the design of nanostructures for photothermal therapy.  

 In Chapter 6 we introduced the use of plasmonic emulsions for medical imaging 

and cancer theranostics. Solid gold shells have been shown to be effective for 

photoacoustic imaging, but they have potential long-term toxicity because they are too 

large for clearance via the renal system. Thus, a composite structure of nanoparticles that 

is NIR absorbent could offer equal performance and still be naturally excreted from the 

body. We also show the added benefit of using an oil core with a low boiling point to 

gain control over the extent of heating and prevent damage to healthy tissue. This also 

allows for simultaneous ultrasound imaging because the generated bubble is an additional 
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contrast agent. In a preliminary study, we demonstrate the use of perfluorohexane 

emulsions for this application, however additional ongoing work is necessary to optimize 

this system. 

 

7.2 Future Outlook 

 The work presented in this thesis provides the fundamental framework for 

synthesizing nanoparticle surfactants and assembling them into colloidosomes using an 

emulsion template. However, this is merely an initial effort in demonstrating the 

feasibility of synthesizing these self-assembling nanostructures. Much work remains to 

further develop these materials into functional products. The following studies are 

proposed as an expansion of this effort. 

 

7.2.1 Effect of PEG-thiol Molecular Weight 

 Chapter 5 focused on how the PEG-thiol conformation and surface concentration 

affect nanoparticle surfactant self-assembly. We showed the aggregation number of the 

particles will increase with the PEG-thiol length, or extension, and decrease as the 

volume occupied by PEG-thiol increases. The effect of changing the PEG-thiol molecular 

weight is unclear. A smaller PEG-thiol chain will decrease both the polymer extension 

and volume, which are competing effects on the aggregation number. Initial studies show 

that nanoparticle surfactants with 5 kDa PEG-thiol will have higher aggregation numbers 

than the well studied 10 kDa PEG-thiol for a given PEG-thiol surface concentration. The 

specific details of this effect, however, warrant further investigation. 
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7.2.2 Scattering Pickering Model 

 The Pickering Model developed for analyzing small angle scattering data is an 

extremely effective tool for determining the surface concentration of particles at an 

emulsion droplet. It has perfect agreement with experimental data for systems that have 

randomly ordered particles at the interface. However, particles in an ordered arrangement 

will result in a diffraction peak in the high q region due to particle-particle correlations. 

The current Pickering Model is not able to account for these in-plane correlations. The 

highly ordered colloidosomes that were presented in Chapter 6 have clear diffraction 

peaks due to their high degree of order. Thus, this model should be further expanded to 

account for such correlations. 

 

7.2.3 Photoacoustic Imaging and Photothermal Therapies 

Organic Phase Selection - Choosing the appropriate organic phase is critical to 

‘bubble blowing’ aspect of this system. In addition to being non-toxic, the boiling point 

of the oil phase has to be higher than body temperature but low enough that the heat 

generated from NIR adsorption will be sufficient for vaporization. Initial studies also 

indicate that the organic phase must have low water solubility because of the dilution in 

vivo. This is an especially difficult design challenge because typically smaller molecules 

with low boiling points are more soluble in water. Perfluorohexane has shown to be a 

promising choice; however there is still room for further optimization. 

5 nm Nanoparticle Surfactants - The primary advantage to composite nanoshells 

over solid nanoshell theranostic agents is the ability to decompose the nanostructure post 

treatment or imaging. The maximum size particle that can pass through the renal system 
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is 5 nm in diameter; therefore the particles used to form the plasmonic emulsions must be 

smaller than this limit. The particles used in this thesis are 12 nm in diameter and are still 

too large for clearance through the body. Thus, it is necessary to synthesize smaller 

nanoparticle surfactants for this application. 

Optimize Near-Infrared Absorption - Maximizing NIR absorption of the gold 

nanostructure that occurs upon radiation is paramount to the success of this application. 

The localized heating that results from NIR absorption is used to vaporize the organic 

phase and become a bubble. We have shown it is possible to tune NIR absorbance by 

carefully choosing the alkane-thiol and PEG-thiol concentrations on the nanoparticle 

surfactants. Furthermore, the plasmonic emulsion size will also likely affect the 

absorbance. These parameters need to be fully investigated in order to maximize 

adsorption in the NIR region. 

Target-label Gold Nanoparticles - Possibly the most challenging design 

parameter that remains to be studied is functionalizing the gold particles to target specific 

tissues. Using thiol-gold covalent bonding, attaching the antibody or other targeting 

ligand should be a simple task. However, the effect of this additional ligand on the 

plasmonic emulsion self-assembly needs to be fully examined. In Chapter 5 of this thesis, 

we showed that thiolated ligands will competitively adsorb on gold surfaces. Thus, we 

expect there will be some added complexity with the introduction of a third thiolated 

species. One potential way to ensure the targeting ligands remain on the outside of the 

emulsions is to functionalize the gold after the formation of the plasmonic emulsion. 

Alternatively, it may be possible to use PEG-thiol with a terminal targeting functional 

group. These two possible routes for attaching targeting ligands to the gold particles are 
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meant to show that there may be many ways to address this design challenge. Still, much 

work remains to make this technology successful. 

 

7.2.4 Organic Photovoltaics 

Tunable plasmon resonance can also be utilized in the design of organic 

photovoltaic devices. The assembly of organic semiconducting polymers is another active 

area of research and expertise in the Pozzo Lab. Recently, Richards, Weigandt and Pozzo 

developed a method for encapsulating photoactive gels of semi-conducting polymer in 

emulsion droplets that can be easily coated into thin films.174 The ability to coat 

concentrated polymer gels is revolutionary way to improve device efficiency because it 

makes it possible to coat carefully engineered bulk polymer gels. Additionally, Wu et al. 

showed an improvement in organic solar cell efficiency by utilizing the plasmonic effects 

of gold nanoparticles that were incorporated into the polymer network.175 Utilizing a self-

assembling structure with a tunable plasmon resonance might result in even further 

enhancements in device efficiency. For this application the photoactive polymer gel 

beads could be encapsulated in the self-assembled gold clusters prior to coating in order 

to harness more energy from the photovoltaic device.174  

The vastly different applications briefly discussed here illustrate the potential 

impact that these self-assembling nanoparticle surfactants can have in the development of 

new nanomaterials. The number of proposed experiments presented here show that this is 

still an important and active research area. The work presented in this thesis lays the 

fundamental framework for these future application-driven projects. 
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Appendix A: Particle Synthesis and Functionalization 

 

A.1 Materials 

Gold tetrachloride trihydrate, silver nitrate, sodium citrate dibasic, sodium 

borohydride, tetraoctylammonium bromide, dithiothreitol, toluene, butane-thiol, octane-

thiol, dodecane-thiol and potassium hydroxide are purchased from Sigma Aldrich (St. 

Louis, MO) and used as received.  Thiol-terminated Poly(ethylene glycol) methyl ether (5 

and 10 kDa) is obtained from Polymer Source (Dorval, Quebec Canada) and stored in a 4 

ºC refrigerator. Ultrapure deionized water is passed through a Milli-Q reagent water 

system to a purity of 18 MΩ·cm resistivity. 

 

A.2 Glassware Cleaning 

 All glassware involved in the synthesis of colloidal gold particles must be 

scrupulously clean and well rinsed. Any contamination acts as unwanted nucleation sites 

for particles. The standard cleaning procedure includes soaking glassware in a base bath 

overnight followed by a rinse with copious amounts of deionized water and drying in an 

oven.  The base bath is mixed in a 1 liter volumetric flask by first dissolving 120 g 

potassium hydroxide (KOH) in 120 mL water.  After all of the KOH is dissolved, 200 

proof ethanol is slowly added to make a 1 L solution. The solution can be reused until it 

turns a dark brown color. 
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A.3 12nm Gold Particle Synthesis 

Colloidal gold with 12 nm diameter particles are prepared by the citrate reduction 

method with a protocol that is described by Frens.82 This protocol produces relatively 

monodisperse gold particles at a concentration of 0.025 wt% in an aqueous buffer. The 

most efficient use of the HAuCl4-3H2O is to add 2.539 mL deionized water to a 1 g bottle 

in order to make a 1 M HAuCl4 stock solution. The stock solution is used to make 500 

mL of a 1 mM HAuCl4 in water solution in a 1 L Erlenmeyer flask.  The dry tare weight 

of the flask is noted for the final dispersion concentration calculation. The flask is 

covered with aluminum foil for the duration of the synthesis to prevent water evaporation. 

The solution is brought to a boil with vigorous stirring on a magnetic stirring hot plate.  

At one time, 50 mL of a 38.8 mM sodium citrate in water solution is added to the HAuCl4 

solution with vigorous stirring. Almost immediately, the yellow solution will turn clear as 

the citrate reduces the gold ions. The solution then turns dark blue as the gold forms long 

rods.  The rods eventually fracture into individual particles which look deep red in color.  

Stirring and boiling is continued for 20 minutes after the color change to allow for 

Ostwald ripening. The solution is then removed from heat and kept stirring for 15 

minutes. The final weight of the total dispersion in the Erlenmeyer flask is calculated. 

The weight of the gold is known from the initial amount of HAuCl4 that is added to the 

original solution. A final weight concentration of gold nanoparticles is calculated by 

dividing the initial mass of gold by the final weight of the total dispersion. The total 

volume fraction of particles can be calculated from the densities of gold (19.3 g/mL) and 

water (1 g/mL). The final particle dispersion must be stored in a brown jar or a jar 

covered with aluminum foil to prevent degradation of the particles from exposure to light.  
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A.4 6 nm Gold Particle Synthesis 

The Brust method is used to synthesize 6 nm colloidal gold in toluene.138  A 10 

mL aqueous solution of 0.025 M HAuCl4 is vigorously mixed with 25 mL of a 0.05 M 

tetraoctylammonium bromide (TOAB) solution in a separation funnel.  The TOAB 

phase-transfers the gold chloride ions into toluene.  The gold chloride is then reduced in 

the toluene by adding 10 mL of aqueous 0.4 M sodium borohydride drop wise.  After 6 

hours of stirring the organic phase is again recovered with a separation funnel and the 

reaction is complete.  The particles can be functionalized and redispersed in water or used 

directly in the organic phase.  One major benefit to the Brust method is the ability to 

make extremely monodisperse particles in concentrated dispersions. 

 

A.5 40nm Gold Particle Synthesis 

Large 40 nm gold nanoparticles used to make the self-assembled raspberry 

particles are synthesized using the modified Frens method.82 Here, we use the same 

procedure that was used for synthesizing 12 nm gold.  However, altering the ratio of 

citrate to gold chloride ions controls the size of the particle. To synthesize particles with a 

radius of 20 nm, 100 mL of a 0.3 mM HAuCl4 solution in water is brought to a boil with 

rigorous stirring and the flask is covered with foil to prevent evaporation.  Subsequently, 

10 mL of a 1.8 mM sodium citrate solution is added so that the ratio of citrate to gold 

chloride ions is 0.6.  The resulting dispersion appears turbid and brown in color. The 

particles are relatively monodisperse, but most of the particles are non-spherical. 
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A.6 18nm Silver Particle Synthesis 

Colloidal silver particles in aqueous dispersion are synthesized using a modified 

Turkevich method.15  This protocol produces silver nanoparticles that are 18 nm in 

diameter with a fair amount of polydispersity.  First, 100 mL of a 1 mM silver nitrate 

(AgNO3) solution in water is mixed in a 125 mL Erlenmeyer flask.  The flask is heated to 

90 °C in an oil bath with vigorous stirring for more even heating. Once the silver nitrate 

solution reaches the desired temperature, 0.2 mL of a 0.35 M sodium citrate solution is 

added, followed by 0.1 mL of a 0.13 M sodium borohydride solution. This reduces the 

silver ions to silver atoms that nucleate and form particles. However, only a fraction of 

silver ions are reduced to metal, even when using an excess of reducing reagent. Due to 

the presence of silver ions in the medium, new nuclei will still be formed while the 

initially formed particles continue to grow. To prevent this from happening, 0.378 mL of 

0.148 M aqueous ammonia is added 15 seconds after the addition  of sodium citrate and 

sodium borohydride to sequester any remaining silver ions that might act as nucleation 

sites.14 Continue heating and stirring for 10 minutes until the reaction is finished. The 

Turkevich synthesis method alone produces extremely polydisperse particle sizes because 

new nucleation sites continue to form throughout the reaction and the difference in 

growth time causes a distribution of particle sizes.  By adding ammonia, only the 

nucleation sites created at the beginning of the reaction continue to grow, so much more 

monodisperse particles are the result. 
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A.7 Particle functionalization 

The nanoparticles are functionalized directly utilizing thiol-gold covalent bonding 

chemistry without the need for any intermediate treatment or purification.34, 83-85 A 150 

mM dithiothreitol (DTT) in water stock solution is freshly made and set aside.  A 5 mM 

PEG-thiol solution is made in freshly purified water with equimolar DTT added from the 

stock solution in order to reactivate the PEG-thiol.  This solution must sit at least 12 

hours to full dissolve and allow enough time for the DTT to cleave disulfide bonds.  It is 

best to use the PEG solution within one week of preparation. The appropriate volume, V, 

of 5 mM PEG solution is added directly to the gold dispersion according to Equation A.1. 

Here Φ is the desired PEG loading in PEG chains/nm2 Au, NA is Avogadro’s number, R is 

the particle radius, X is the mass of the gold dispersion to be functionalized and ρAu is the 

density of gold.  
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Appendix B: Photoacoustic and Ultrasound Imaging Experimental Set-Up 

 

 Vaporizable emulsions are evaluated for use as contrast agents in ultrasound and 

photoacoustic imaging. These experiments are performed in collaboration with Matt 

O’Donnell’s group in UW Department of Bioengineering and Tom Matula from UW 

Center for Industrial and Medical Ultrasound. 

The perfluorohexane emulsion is generated in the Pozzo lab and spun on a roller 

mixer for at least 24 hours to give the particles ample time to reach the oil-water interface.  

The samples are then loaded into a polytetrafluoroethylene (Teflon) optically transparent 

tube (ID=0.065±0.001 inch, wall thickness=0.0015±0.001 inch), which is immersed in a 

water tank. The radiation source is a variable wavelength pulsed laser operating at λ=810 

nm, 4.5 mJ and 20 Hz pulses, resulting in an average power output of 90 mW spread over 

an area that is 3-5 mm in diameter.  A transducer simultaneously acquires the 

photoacoustic signal and ultrasound pulse-echo imaging. Figure B.1 is a picture of the 

experimental set-up. 

 
Figure B.1. Photoacoustic and ultrasound experimental set-up. 
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 In photoacoustic imaging, near infrared (NIR) laser pulses are delivered to the 

gold nanostructure.  The gold particles absorb this radiation and convert it into heat, 

resulting in thermal expansion of the material.176 This causes the generation of ultrasonic 

acoustic waves that are measured by the transducer. For this reason, materials with the 

highest NIR absorbance will be most effective photoacoustic contrast agents. A 

schematic of this process is given in Figure B.2. 

 
Figure B.2. Schematic of photoacoustic measurements. 
 

 In ultrasound imaging, the transducer generates an acoustic wave at the desired 

frequency (2-20 MHz). The sound wave is reflected when it contacts density differences 

in the sample. The wave that is reflected back, or the echo wave, is measured by the 

transducer.177 The intensity of the echo wave (Is) is a function of the incident intensity (Ii), 

the scattering cross section (σ) and the distance between the transducer and the scattering 

site (R) as shown in Equation B.1.  

24
i

s
II

R
σ

π
=      (B.1) 

The scattering cross section is dependent on the relative adiabatic compressibilities (κ) 

and densities (ρ) of the scatterer and surrounding medium.178 Equation B.2 is the full 

equation for the scattering cross section where N is the concentration per unit volume, λ is 

the wavelength and r is the radius of the scatterer. 
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Comparing the relative values of the second bracketed term, the scattering cross section 

of gases is much larger than solids and liquids (σgas~1014, σsolid~1.75 and σliquid~0).  This 

suggests the bubbles that are generated from our emulsions will have a large increase in 

ultrasound signal intensity. Furthermore, the scattering cross section is proportional to r6. 

Therefore, the increase in emulsion droplet size (100 nm to 1 μm) due to the transition 

from liquid to vapor further enhances the signal by 106.  Thus, large ultrasound signals 

are observed when emulsion droplets have been vaporized.  A schematic of the 

ultrasound measurements is shown in Figure B.2. 

 

Figure B.2. Schematic of ultrasound measurements. 
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