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Abstract 

 This dissertation investigates the effect of composition and architecture of star polymers 

on their fundamental interfacial behavior at fluid interfaces and determines the contributions of 

important interfacial activity to the high foaming and emulsifying efficiency of star polymers. 

Star polymers are a novel class of surface active materials with a dense polymeric core and 

emanating polymer arms. Star polymers developed in this work are synthesized via atom transfer 

radical polymerization (ATRP) and are shown to be efficient foam and emulsion stabilizers. 

Three important dynamic interfacial processes: interfacial tension reduction, dynamic dilatational 

modulus and extent of adsorption are examined for star polymers with various structures and 

chemistries at air/water, xylene/water and cyclohexane/water interfaces. Adsorption on planar 

interfaces was monitored by ellipsometry, while interfacial tension and dilatational elasticity 

were measured separately by pendant drop tensiometry. Star polymers strongly reduce the 

interfacial tension, produce significant dynamic dilatational modulus and extent of adsorption 

due to the compact structure of star polymers compared to their linear counterparts. More mass is 

introduced per unit area of interface, and more interfacial penetration is achieved, upon their 

adsorption than for adsorption of linear polymers that adopt the conformation of loops, trains and 

tails. Star polymers with polyelectrolyte arms show pH-responsive interfacial behavior. The 

lateral electrostatic repulsions between the charged star polymers decrease the surface coverage 

but also enhance emulsion stability. Dynamic dilatational modulus and the ability of the star 

polymer adsorbed layer to resist ejection from the interface are identified to be correlated with 

high foaming and emulsifying efficiency. Finally, factors affecting the formation and stability of 

nanoemulsions stabilized by star polymers are examined. 
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1 Introduction 

 This dissertation presents star polymers as a novel class of efficient foaming agents and 

emulsifiers, and correlates the interfacial activity of star polymer adsorbed layer at fluid 

interfaces with corresponding foaming and emulsification performance. 

1.1 Motivation 

 Foams and emulsions bear many similarities and are of interest for their widespread 

occurrence in processes related to the food, pharmaceutical, and cosmetics industries. Foams are 

dispersions of a large volume of gas in a small volume of liquid, whereas emulsions are mixtures 

of two immiscible liquids where one liquid is finely dispersed within the other liquid. Foams and 

emulsions are typically unstable due to their large interfacial area associated with the system. 

From a thermodynamic point of view, there is a tendency for foams and emulsions to phase 

separate in order to reduce their interfacial area and thus the interfacial energy. Stable foams and 

emulsions can be obtained by adding amphiphilic surfactants due to their affinity for the fluid 

interface and their ability to lower the interfacial energy. Yet, it has been found that foam and 

emulsion formation do not necessarily require amphiphilic surfactants but can also be efficiently 

promoted by colloidal particles.1–6 Solid-stabilized emulsions, commonly referred to as Pickering 

emulsions,7 provide long term stability against coalescence, creaming and Ostwald ripening, and 

are able to maintain large discontinuous phase volume fractions for several months to over a 

year.8,9 One of the main contributions to the system stability is the extremely large adsorption 

energy of a colloidal particle to the interface.10,11 This creates an energy barrier against droplet 

coalescence which requires particles to desorb from the interface. Colloidal particles adsorbed at 

the air/water and oil/water interfaces retain the basic properties of surfactant-stabilized wet 

foams and emulsions. However, substitution of surfactants with colloidal particles is appealing in 
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several fields, such as personal care, pharmaceutical and food industries where surfactants may 

induce skin or other tissue irritation.12 

Nanoparticulate polymer brushes, a novel class of surface active material that includes 

both polymer-grafted nanoparticles and multi-arm star polymers with a large number of chains 

emanating from a crosslinked core,13–16 are highly efficient emulsifiers.17–21 Their minimum 

concentration required to stabilize an emulsion is as low as 0.005 – 0.04 wt%,17,18,20,22 which is 

one to two orders of magnitude lower than commonly required for a particle-stabilized 

emulsion.9,23 Even at these low concentrations, emulsions stabilized by nanoparticulate polymer 

brushes retain the long-term stability commonly achieved with Pickering emulsions. The 

enhanced emulsifying efficiency is attributed to the interfacial activity of the polymer 

chains,19,20,24 but the detailed origins of their emulsifying efficiency have yet to be determined.  

 The nanoparticulate brush architecture that tethers multiple chains to a central core is key 

to their emulsifying performance – stable emulsions can be formed by nanoparticulate brushes 

whereas free polymers of the same type fail to stabilize emulsions.17,20 While preserving this 

basic architectural motif, changing the composition of the polymer chains is predicted to alter the 

conformation and location of adsorbed star polymers relative to a fluid interface.25,26 Chain 

composition can also dictate whether the preferred emulsion type is oil-in-water or water-in-oil.18 

Furthermore, the interaction between the polymeric surfactants and therefore the dispersed phase 

can be tailored by introducing stimuli-responsive polymer chains into the nanoparticulate brush. 

This allows the formation of responsive foams or emulsions that can undergo reversible changes 

in response to external or internal stimuli, such as pH, temperature, and light.27–33  
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The combination of thermodynamic, kinetic, and mechanical properties of an adsorbed 

nanoparticulate polymer brush layer that are responsible for efficient and effective 

emulsification, or of the related phenomenon of foaming, is not fully understood. A primary 

contributor to Pickering emulsion or foam stability is the very large adsorption energy of a 

particle that is partially wetted at a fluid interface.11,34 Considering the common tendency of 

polymer adsorption to be effectively irreversible, a high adsorption energy is also expected of 

nanoparticulate polymer brushes, but this would not be likely to distinguish them from simpler 

particulate or polymeric emulsifiers or foaming agents. Therefore, understanding the equilibrium 

and dynamic interfacial behaviors of these nanoparticulate polymer brushes at interfaces as well 

as the relationship between the structure of efficient nanoparticulate polymer brushes and 

fluid/fluid interfacial properties would be highly desirable for knowledge-based design of these 

particles. 

Besides the interfacial properties determined by the structure and interparticle interaction 

of the adsorbed layer at the interface, emulsion stability and the droplet size can be affected by 

other factors such as the system composition, the fabrication method, and the environmental 

conditions after the emulsions are made.35–38 Nanoemulsions, defined as emulsions with droplet 

size on the order of 100 nm,39–44 are of particular interest due to their long term stability and high 

optical transparency, making them attractive for delivery systems in various applications. 

Previous investigations have shown that if both water and organic liquid are good solvents for a 

nanoparticulate brush emulsifier, the properties of the emulsion may depend on the phase in 

which the emulsifier was initially dispersed before emulsification. For example, the phase in 

which poly(2-dimethylamino)ethyl methacrylate (PDMAEMA)-grafted silica nanoparticles were 

dissolved did not dictate the preferred emulsion type but did dictate the droplet flocculation state 
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and the corresponding emulsion rheology.45 The minimum concentration required for low 

grafting density PDMAEMA-grafted silica nanoparticles to stabilize an emulsion was larger 

when the particles were initially dispersed in xylene than in water.21 Hence, understanding the 

influence of preparation methods, emulsifier location, system composition and environmental 

change on the emulsion properties can improve the formation of emulsions and optimize storage 

conditions to extend shelf life. 

1.2 Dissertation objectives 

 The overall objective of this work is to correlate the high efficiency of nanoparticulate 

polymer brush, as foaming agents and emulsifiers, with their architecture and the corresponding 

interfacial activity to provide the basis for the design of novel polymeric foam and emulsion 

stabilizers. Although several factors can be important for foaming and emulsification efficiency, 

this dissertation specifically addresses three interfacial characteristics: interfacial tension, 

dilatational modulus and extent of adsorption. To achieve this objective, a series of star polymers 

with well-controlled polymer brush structure and chemistry are prepared and used as a 

representative of nanoparticulate polymer brushes. The following approaches are applied to each 

star polymer. 

1. Characterize star polymers to assess their molecular weight, composition, architecture, 

and aqueous solution properties. 

2. Determine the foaming and emulsification abilities of star polymers in comparison to 

similar polymer grafted nanoparticles. 

3. Investigate how star polymer composition and architecture affect their interfacial tension 

isotherm. 
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4. Indentify how star polymer composition and architecture control dynamic dilatational 

modulus of star polymers adsorbed at fluid interfaces. 

5. Determine how star polymer composition and architecture influence their adsorption 

behavior and affect their packing density at fluid interfaces. 

 To our knowledge, there has been no other work which has systematically investigated 

the effect of varying composition and architecture of star polymers on their interfacial activity at 

the air/water and oil/water interfaces. This dissertation attempts to provide the origins of high 

efficiency foaming and emulsification, give insight into the structure-function relationship for the 

star polymer adsorbed layer at the fluid interfaces, and confirm or refute the importance of 

corresponding interfacial properties for stabilizing foams and emulsions. This dissertation also 

addresses whether these fundamental adsorption characteristics depend on the phase in which 

star polymers are initially dispersed. Additionally, this dissertation investigates the effect of other 

factors including temperature, system composition and preparation method on the formation and 

stability of emulsions 

1.3 Outline of dissertation 

 The dissertation is organized into six chapters and the summary of each chapters is 

presented below to provide the logical flow of this dissertation: 

 Chapter 1 gives a broad introduction, including an overview of the thesis problem, the 

background on the research questions, and key related interfacial properties: interfacial tension, 

dilatational modulus, and extent of adsorption. 
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 Chapter 2 includes a description of the main materials and experimental methods used in 

this dissertation. The subsequent body chapters refer back to Chapter 2 for detailed experimental 

procedures. 

 Chapter 3 presents a detailed investigation of the interfacial activity of multi-arm 

poly(ethylene oxide) (PEO) star polymers and linear PEO polymers at air/water and oil/water 

interfaces. This chapter discusses the structure-function relationship of star polymers and 

identifies the correlation between the dynamic dilatational modulus with foaming and 

emulsification performance. Additionally, path-dependent adsorption behaviors at the 

xylene/water interface and the observation of spontaneous emulsification are reported. This work 

has been published under the title “Enhanced Interfacial Activity of Multi-Arm Poly(Ethylene 

Oxide) Star Polymers Relative to Linear Poly(Ethylene Oxide) at Fluid Interfaces.” Y. Huang, 

M. Lamson, K. Matyjaszewski, and R. D. Tilton. Physical Chemistry Chemical Physics, 2017, 

19, 23854 – 23868.46 

 Chapter 4 presents detailed studies of the interfacial activity of various star polymers with 

the same structure but with polymer arms of different chemical compositions, including 

PMEO2MA star polymers with homopolymer arms, PDMAEMA star polymers with weak 

polycation arms, and star polymers with block copolymer arms. The chapter investigates the 

effect of pH and chemical composition of the star polymers on interfacial behavior and identifies 

a possible relation between foaming and emulsification efficiency to the ability of adsorbed star 

polymers to resist ejection under interfacial compression. Additionally, the dependence of 

interfacial rheology on the history of the formation of adsorbed layers is examined. This work is 

part of a manuscript in preparation titled “Interfacial Activity of pH-Responsive Star polymers at 
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Fluid Interfaces and Correlation with the Corresponding Foam and Emulsion Properties” by the 

authors Y. Huang, K. Matyjaszewski, and R. D. Tilton. 

 Chapter 5 presents the formation of an extremely stable nanoemulsion produced by 

spontaneous emulsification with surface active PMEO2MA star polymers. This chapter examines 

the effect of several factors including preparation method, temperature and composition on the 

droplet size and the stability of the nanoemulsios. This work is part of a manuscript in 

preparation titled “Nanoemulsion Formation by Spontaneous Emulsification with Surface Active 

Star Polymers” by the authors Y. Huang, K. Matyjaszewski, and R. D. Tilton. 

 Chapter 6 concludes the dissertation by providing a summary of major findings, original 

contributions, and future directions for the research project. 

1.4 Background 

1.4.1 Emulsion classification – Macro-, nano- and microemulsions 

 An emulsion is a mixture of two immiscible liquids with one liquid being finely dispersed 

in another liquid phase. According to the size of the droplets dispersed in the continuous phase 

and their thermodynamic properties, emulsions can be categorized as macroemulsions (classical 

emulsions), nanoemulsions and microemulsions. Macroemulsions are emulsions with droplets 

larger than 1 μm, whereas nanoemulsions and microemulsions have droplet size on the order of 

100 nm. The confusion in nomenclature in the lower droplet size regime is due to the rapid rise 

of nanomaterials and nanotechnology research in the first decade of the 21st century; the term 

“microemulsions” was well-established before the term “nanoemulsions” was introduced. The 

major differences between these emulsions are summarized in Table 1.1. The physicochemical 
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properties of nanoemulsions and their preparation methods will be discussed in more detail in 

Chapter 1.4.3. 

Table 1.1. Comparison of macroemulsions, nanoemulsions (also referred to as miniemulsions) 

and microemulsions with respect to size, shape, stability, method of preparation, polydispersity, 

and appearance. Nanoemulsions and microemulsions have a larger surface area per unit volume 

than macroemulsions because of their size. In addition, due to a strong kinetic stability, 

nanoemulsions are less sensitive to physical and chemical changes. Table is adapted from Soft 

Matter (2011)39 and Soft Matter (2016).47 

 Macroemulsions Nanoemulsions Microemulsions 

Droplet size 1 – 100 μm 20 – 500 nm 10 – 100 nm 

Shape Spherical Spherical Spherical or lamellar 

Stability 
Weakly kinetically 

stable 
Kinetically stable 

Thermodynamically 

stable 

Preparation 

method 
High and low energy High and low energy Low energy 

Polydispersity 
Often high 

(> 40%) 

Typically low 

(< 10 – 20%) 

Typically low 

(< 10%) 

Appearance Turbid or opaque Clear or turbid Clear 

 

 Except for microemulsions, which are thermodynamically stable, emulsions are 

thermodynamically unstable, and therefore tend to phase separate over time through various 

physicochemical mechanisms, including coalescence, Ostwald ripening, flocculation, and 

creaming. Stabilizers such as emulsifiers, texture modifiers, ripening inhibitors, and weighting 

agents, are added to improve the long-term stability of emulsions.48 Typically, amphiphilic 

molecules that have both hydrophilic and hydrophobic groups, i.e, surfactants, proteins, lipids 

and copolymers, are used as emulsifiers due to their ability to adsorb to the oil/water interface 

and lower the Gibbs free energy. Solid particles are found to be effective at stabilizing 

emulsions, known as Pickering emulsions,7 and will be discussed below in Chapter 1.4.2. 

Moreover, Janus particles,49,50 which resemble surfactant molecules in their amphiphilicity but 
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also exhibit unique properties that are not observed with surfactants adsorbed at fluid interfaces, 

have recently been developed as emulsifiers. 

1.4.2 Pickering emulsions 

 Pickering emulsions are emulsions stabilized solely by solid particles. Particles with 

moderate wettability can strongly adsorb to oil/water interfaces. The adsorption energy (Eads) of 

a particle to the interface is related to the oil/water interfacial tension (γ), the radius of the solid 

particles (R), and the contact angle of the particle measured through the aqueous phase (θ) 

by:5,10,11 

𝐸𝑎𝑑𝑠 = − 𝜋 𝑅2 𝛾 (1 + cos 𝜃)2, 𝜃 ≥ 90° (1.1) 

𝐸𝑎𝑑𝑠 = − 𝜋 𝑅2 𝛾 (1 − cos 𝜃)2, 𝜃 < 90° (1.2) 

For a given particle with R = 10 nm, θ = 90° and the interfacial tension of γ = 36 mN/m, the 

adsorption energy can be as large as ~ 2750 kT. This is much larger than the thermal fluctuation 

energy, suggesting that the particle is essentially irreversibly adsorbed.51 This large adsorption 

energy creates an energy barrier for particles to desorb from the fluid interface, which leads to 

extremely stable Pickering emulsions against coalescence. 

 According to the Bancroft rule, the phase where an emulsifier is more soluble becomes 

the continuous phase in the emulsion.52 The type of emulsion is dictated by the particle 

wettability, as shown in Figure 1.1.51 Particles with contact angle θ < 90° stabilize oil-in-water 

(o/w) emulsions, whereas those with θ > 90° stabilize water-in-oil (w/o) emulsions. However, 

some violations to the Bancroft rule have been observed.23,53–55 Previous work in our group also 

showed that the Bancroft rule does not hold for many of the systems studied; o/w emulsions 
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always formed regardless of the phase in which polymer grafted nanoparticles or star polymers 

were initially dispersed.17,45 

 

Figure 1.1. (upper) Position of a spherical particle at a planar oil/water interface for a contact 

angle θ < 90° (left) and θ > 90° (right). (lower) Corresponding type of emulsions based on 

particle wettability. For a particle with contact angle θ < 90°, the particle mostly resides in the 

aqueous phase and an oil-in-water emulsion forms (left). For a more hydrophobic particle θ > 

90°, a water-in-oil emulsion (w/o) forms (right). 

 

1.4.2.1 Particle wettability alteration via surface modification 

 The wettability of particles for Pickering emulsions can be tailored by functionalizing the 

surface. Two main strategies have been developed based on physical adsorption and chemical 

grafting of small molecules or polymers.5,56 For examples, the hydrophobicity of the negatively 

charged silica particles were modified by adsorbing trivalent La3+ cations, which enhanced the 

emulsion stability.57 In addition, co-adsorption of surface active surfactants and nanoparticles 

formed surfactant-particle complexes at the fluid interface and synergistically improved the 

formation of the Pickering emulsions.21,58 Compared to small molecules, chemically grafting 

polymer arms onto nanoparticles by physical adsorption or chemical bonding makes the particles 
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extremely efficient emulsifiers.19,20,59–61 In this dissertation, emulsification efficiency refers to the 

minimum particle concentration needed to form a stable emulsion. The lower the minimum 

required polymer concentration is, the more efficient the emulsifier is. Previously our group has 

reported that silica particles grafted with sulfonated polystyrene brushes (PSS-SiO2) stabilized 

trichloroethylene (TCE)-in-water emulsions for more than 6 months with particle concentration 

of 0.04 wt%.20 Poly(2-(dimethylamino)ethyl methacrylate) grafted silica nanoparticles 

(PDMAEMA-SiO2) were shown to reduce the oil/water interfacial tension and stabilize xylene-

in-water and cyclohexane-in-water emulsions at particle concentration of 0.05 wt%.19,24 The 

desorption of a polymer grafted particle requires simultaneously detachment of many polymer 

arms from the interface at the same time, which creates an energy barrier even larger than 

removal of one bare particle. However, the mechanisms that are responsible for extremely 

efficient polymer-grafted particles emulsification are not well-understood.  

1.4.2.2 Stimuli-responsive Pickering emulsions 

 Incorporating stimuli-responsive polymers into emulsifiers renders Pickering emulsions 

that are sensitive to pH and temperature changes,28,62 which can be particularly interesting for 

many applications, such as oil recovery,63 emulsion polymerization,64 and catalysis recycling.65 

The emulsions stabilized by poly(ethylene glycol) methacrylate-co-poly(2-(diethylamino)ethyl 

methacrylate) (PEGMA-PDEAEMA) latex particles can be demulsified at low pH and re-emulsified 

at high pH. A latex-to-microgel transition occurrs when lowering the solution pH from 10 to 3, 

leading to interfacial desorption.33 Studies have also shown that tertiary amine methacrylate-based 

block copolymers that adsorbed onto polystyrene latex nanoparticles were synthesized and 

employed as Pickering emulsifiers for stabilizing o/w emulsions. Acidification of the system 

causes desorption of the particles from the interface and droplet coalescence.66,67 While pH 
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adjustment typically requires addition of acid or base to an emulsion, temperature adjustment is 

easily applied without changing the chemical composition of the system. Polymers with a lower 

critical solution temperature (LCST) collapse when the temperature is raised above this critical 

temperature, allowing the use of temperature as a trigger to change material morphologies at the 

molecular scale and modulate Pickering emulsion stability. Temperature-induced emulsion phase 

inversion from o/w to w/o has been observed using polystyrene (PS) latex particles stabilized by 

a monodisperse diblock copolymer, poly(2-(dimethylamino)ethyl methacrylate-block-methyl 

methacrylate) (PDMAEMA-b-PMMA).59 Emulsions stabilized with PDMAEMA-SiO2 

immediately broke at temperature above the critical flocculation temperature (CFT) of 

approximately 50 °C, as previously reported in our group.19 It has also been shown that poly(N-

isopropylacrylamide) (PNIPAM) grafted polystyrene nanoparticles produced thermally 

responsive Pickering emulsions. When the emulsions were heated from room temperature to 40 

°C, PNIPAM transitioned from a coil to a globule and caused emulsions to phase separate.68 The 

mechanism by which emulsions destabilize in response to stimuli is not well studied but could be 

due to several factors. The change in solvent quality as a result of the change in temperature or 

pH could alter the particle adsorption energy to an unfavorable state which leads to particle 

desorption from the interface. The corresponding change in particle properties with the stimuli 

could also alter the structure of the adsorption layers at the interface, and therefore affect the 

mechanical properties of droplet stabilization. 

1.4.3 Nanoemulsions 

 Nanoemulsions are oil-in-water or water-in-oil emulsions with droplet size on the order 

of 100 nm.39–44 The long-term stability of nanoemulsions makes them unique and desirable. In 

addition, nanoemulsions present advantages over conventional emulsions (macroemulsions with 
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droplet size around 3 – 10 µm) because of their small droplet sizes, which give a large surface 

area and free energy. Oil-in-water nanoemulsions are commonly used in drug delivery systems to 

encapsulate hydrophobic drugs,69–71 increase drug solubility72 and enhance the penetration rate of 

the materials into the human body.73 The kinetic stabilization of nanoemulsions against 

flocculation, sedimentation and creaming leads to a more homogeneous structure, and has found 

numerous applications in the field of cosmetics and food industries.39,41,42 Nanoscale emulsion 

droplets also allow one to synthesize nanocomposites, nanoparticles and nanocapsules using 

nanoemulsions as templates.44,74,75 Therefore, understanding the change in nanoemulsion droplet 

size under different storage conditions may aid in the design of nanoemulsions for various 

applications. 

 There is often a confusion between nanoemulsions and microemulsions since these two 

types of colloidal dispersion bear numerous similarities but they also have important 

differences.43,76 Both nanoemulsions and microemulsions consist of oil (or water) droplets 

stabilized by surfactants and dispersed in continuous water (or oil) phase. They also possess 

similar physicochemical properties, such as long-term stability and high optical clarity due to 

their nanoscale droplet size. However, microemulsions are thermodynamically stable whereas 

nanoemulsions remain only kinetically stable.43,76 Therefore, the properties and structure of the 

nanoemulsions are affected by their preparation methods and their sample history. Table 1.2 

summarizes the major difference between two emulsion systems which can be used to 

distinguish nanoemulsions from microemulsions. 
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Table 1.2. Differences between nanoemulsions and microemulsions 

 Nanoemulsions Microemulsions 

Long-term storage Kinetically stable Thermodynamically stable 

Sample history Path-dependent Path-independent 

Particle size distribution Multiple peaks or single broad peak Single narrow peak 

Particle shape Spherical Spherical or non-spherical 

 

 Two main methods are typically used for preparing nanoemulsions: high-energy methods 

and low-energy methods.40,44,76 High-energy methods use mechanical devices to provide energy 

required to disrupt and mix the oil and water phases so that small droplets are formed. The most 

widely used high-energy methods include ultrasonic emulsification, high-pressure 

homogenization and microfluidic emulsification.77–79 Low-energy methods alter internal physical 

properties of the system such as temperature or composition to produce nanoemulsions and they 

are highly dependent on the nature of the system, such as solubility and geometry of the 

molecules. Low-energy methods are not frequently used in the industry compared to high-energy 

methods since the factors that affect the formation and stability of nanoemulsions are not fully 

understood. However, interest in low-energy methods has grown considerably in recent years 

due to its energy efficiency and ease of implementation. Different low-energy methods have 

been developed to form nanoemulsions, including spontaneous emulsification, phase inversion 

temperature and phase inversion composition methods.80–83 

1.4.4 Spontaneous emulsification 

 Emulsions are typically prepared by intensive mechanical stirring to break up droplets 

until a desired size is obtained. However, spontaneous emulsification may occur when two 

immiscible liquids are brought into contact; an emulsion is instantly formed without the need of 

an external energy. This mixing energy originates from the difference in chemical potential 
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between the phases where the two bulk liquids are not initially at equilibrium, leading to a 

redistribution of matter across the liquid/liquid interface.84,85 Three principle mechanisms for 

spontaneous emulsification have been proposed based on interfacial turbulence, transient 

negative interfacial tension, and diffusion and stranding.85,86 (a) Interfacial turbulence is driven 

by an interfacial tension gradient. Although interfacial turbulence does increase the rate of 

emulsification, it may not be the dominant factor for spontaneous emulsification to occur. (b) 

Low (negative) interfacial tension results in the expansion of interfacial area and the formation of 

droplets. However, negative interfacial tension is not required for spontaneous emulsification to 

take place because the dispersion process itself increases entropy and thus decreases the free 

energy of the system. (c) Diffusion and stranding involves components diffusing between phases 

and emulsion droplets form due to the regions of supersaturation.84,87 New mechanisms for 

spontaneous emulsification have been proposed recently, such as explosion of a bilayer 

structure88,89, inversion of a micellar solution,90 and change in surfactant curvature.91,92 Although 

the mechanism responsible for spontaneous emulsification is not yet fully understood, these 

proposed mechanisms remain as an important reference for spontaneous emulsification studies. 

1.4.5 Interfacial tension reduction 

 Interfacial tension results from the difference in energy between molecules at a fluid 

interface compared to their bulk counterparts. A molecule is in a lower energy state when in 

contact with a neighboring molecule of the same type than if it is alone. The interior molecules 

are surrounded on all sides by the same type of molecules whereas boundary molecules are 

missing neighbors and thus have a higher energy. The greater the dissimilarity between the two 

fluid phases, the larger the interfacial tension between them. Interfacial tension can be equally 
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described as the amount of energy required to create a unit area of interface between two 

immiscible liquids.  

 Surface active agents are compounds which tend to concentrate at the interface and 

reduce interfacial tension. Lowering interfacial tension facilitates the formation of foams and 

emulsions with considerably less energy input during homogenization and favors the formation 

of small droplets. For bare particles without polymers tethered to the surface, the interfacial 

tension is not significantly reduced upon particle adsorption.3 It has been shown that particles 

with polymer arms grafted from the core can effectively lower the interfacial tension. For 

example, poly(styrenesulfonate)-grafted silica reduced the trichloroethylene/water interfacial 

tension from 30 to 15 mN/m with 0.5 wt% of particles.20 SiO2-PDMAEMA brushes reduced the 

air/water surface tension to 45 mN/m at a concentration as low as 0.02 wt%.24 The interfacial 

tension of dodecane/water was lowered by 33 mN/m with 0.003 wt% of poly(oligo(ethylene 

oxide) monomethyl ether methacrylate)-grafted iron oxide clusters.93 The high efficiency for 

lowering the interfacial tension is attributed to the ability of these polymer-grafted particles to 

deliver a high concentration of polymer to the interface due to their compact structure. 

1.4.6 Dilatational modulus 

 The dynamic mechanical properties of adsorbed layers, which relate the stresses in the 

interface to the deformation, are important in understanding of the stability of foams and 

emulsions. There are three basic deformation modes on a flat interface: shear, extension, and 

dilatation. (Figure 1.2) A fourth type of deformation mode, bending, can occur when the 

interface is curved. In a shearing deformation, a square area of interface is deformed into a 

parallelogram with base and height dimensions the same as the square. In an extensional 
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deformation, the same initial square is elongated to a rectangle with the total interfacial area kept 

constant. In a dilatational deformation, the area of the interface is increased or decreased, 

whereas the shape of the interface area remains the same. In bending, a deformation takes place 

normal to the interface, i.e., the curvature of the interface changes. Although there is much 

interest in measuring properties due to shear,94–96 extension,97–99 and bending100–102 at fluid 

interfaces, this dissertation focuses on dilatational deformations. 

 

Figure 1.2. Types of interfacial deformation on a flat interface: shear, extension and dilatation. 

 

 The interfacial dilatational modulus measures the stiffness of the interface against a 

dilatational compression or expansion, which can contribute to the long-term stability of foams 

and emulsions. For two droplets to coalesce, they must get close enough to each other that the 

interface between them will be deformed in the dilatational (change of interfacial area) mode, 

and the ability of the adsorbed layer to induce a resistance to the dilatational deformation can 

enhance the stability of the system. Large dilatational modulus is related to slower 
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adsorption/desorption timescales of the stabilizers than the timescales on which the interface is 

perturbed, and a large dilatational modulus hinders the interdroplet film drainage.103 

The ability for polymers to deform or rearrange at the interface (i.e., structure of the 

adsorbed layer) can affect the interfacial dilatational modulus. For instance, globular proteins 

exhibit higher dilatational moduli than disordered proteins at the hexadecane/water interface, 

suggesting the elasticity of the interface increases with increasing rigidity of the adsorbed protein 

molecules.104 A simulation has suggested that the structure of protein and polysaccharide 

adsorbed layers can be modulated by changing the electrostatic interactions, mixing ratio, ionic 

strength and order of adsorption to the interface, and therefore affects the surface dilatational 

modulus.105 Studies have also shown that the foam stability is correlated to the dilatational 

rheology, which is influenced by the molar ratio of surfactants and oppositely charged 

polyelectrolytes in the solution resulting in different structure of adsorbed layer.106,107 

1.4.7 Polymer adsorption at fluid interfaces 

 The adsorption of polymers at a liquid/liquid interface has become increasingly important 

in recent years. For instance, many of the self-assembly processes involving macromolecules 

occur at such interfaces,108,109 and chemical reactions, such as polymerization or 

functionalization of macromolecules,110 can also be carried out at a liquid-liquid interface. 

Moreover, stability of emulsions is affected by an efficient migration of polymers (or surfactants) 

towards the boundaries between two fluids. When more polymer is adsorbed at the interface, a 

higher steric barrier is formed between droplets, which prevents coalescence and enhances the 

stability.111,112   
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 The driving force for polymer adsorption to an interface is balanced by (1) the enthalpy 

contribution in adsorption energy and (2) the entropy penalty upon polymer adsorption. The 

enthalpy contribution arises from the attractive polymer-interface interactions and the difference 

in polymer-solvent energy between the polymer in bulk solution and at the interface. The entropy 

penalty comes from the reduction in degree of freedom for polymers to explore more 

configurations when adsorbed from the bulk to the interface. The balance of these forces result in 

the conformation of polymers absorbed at the interface like the one depicted in Figure 1.3. 

Linear polymers adsorb in a series of loops, tails and trains. Train segments correspond to those 

groups in the polymer that are in direct contact with the surface, while loops are segments that 

have no contact with the surface that connect trains and tails are the non-adsorbed chain ends. 

Adsorption of nanoparticulate polymer brushes at the interface is subject to the same balance of 

forces. Nanoparticulate polymer brushes adsorb with several arms contacting the interface and 

the rest of the chains extending to the bulk solution (Figure 1.3b). 

 

Figure 1.3. Structure of (a) linear polymers and (b) nanoparticulate polymer brushes adsorbed to 

a fluid/fluid interface. 

 

Adsorption of polymers at a liquid/liquid interface is different from that at a solid/liquid 

interface. Polymers can have different degrees of segment penetration into both phases based on 

the solvent quality of each phases. Furthermore, if two liquids are immiscible, polymer 
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adsorption at the interface would screen the unfavorable interactions between two solvents and 

lower the interfacial tension.113 While the adsorption behavior of polymer chains at fluid 

interfaces has been extensively studied,113–117 the behavior of nanoparticulate polymer brushes at 

fluid interfaces has been less thoroughly investigated. Prior work as well as computer 

simulations have investigated the surface morphology and the conformation of nanoparticulate 

polymer brushes at fluid interfaces.60,118–122 The interactions between particle and hence the 

structure of the adsorbed layer are highly dependent on the length of the polymer chains and the 

solvent quality.118,121,122 Polymer brushes adapt more extended configuration with increasing chain 

lengths or when they reside in the better solvent. It has also been suggested that the star 

architecture favors the formation of highly curved interfaces; this surface morphology remains 

stable even at very high compression, unlike the linear diblock copolymers which tend to 

reconfigure at moderate compression.119 
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2 Materials and Methods 

2.1 Polymer brush nanoparticles 

 All star polymers were synthesized by atom transfer radical polymerization (ATRP)123–127 

in collaboration with the research group of Professor Kryzysztof Matyjaszewski in the 

Department of Chemistry, Carnegie Mellon University. This section briefly summarized the 

synthesis of the materials. Detailed characterization of the star polymers used in this dissertation 

will be described in the associated major content chapters later on. 

2.1.1 Multi-arm PEO star polymers 

 Poly(ethylene oxide) (PEO) star polymers are synthesized by atom transfer radical 

polymerization of PEO methacrylate macromonomers (PEO45MA, molecular weight of 2000) 

with divinylbenzene (DVB) as a cross-linker. Detailed synthesis and characterization are 

published in previous work from our group.17,18 The resulting material has a densely cross-linked 

polymeric core surrounded by a hydrophilic corona of PEO45MA arms. Gel permeation 

chromatography in tetrahydrofuran with multi-angle laser light scattering indicates the weight 

average molecular weight (Mw) is 1.76×105. Factoring in the Mw, conversion of PEO45MA and 

DVB indicates that each star polymer has 64 PEO arms on average.18 The PEO star polymers 

form limited aggregates in water, consisting of three or four PEO star polymers.128 

2.1.2 β-cyclodextrin core star polymers 

 Star polymers, consisting of a β-cyclodextrin core with 14 polymer arms, were 

synthesized using the “grafting from” atom transfer radical polymerization method.123–127 The 

functionalized β-cyclodextrin cores were first synthesized, followed by polymerization of 

di(ethylene glycol) methyl ether methacrylate (MEO2MA) and 2-(dimethylamino)ethyl 
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methacrylate (DMAEMA) to generate PMEO2MA and PDMAEMA star polymers, respectively. 

The full synthesis procedures for each star polymer were described in previously work from our 

group.128 PMEO2MA star polymer is a non-ionic polymer and exhibits a lower critical solution 

temperature (LCST) of 29 °C in water, whereas PDMAEMA star polymer is a weakly cationic 

polyelectrolyte whose degree of ionization depends on the pH and ionic strength of the aqueous 

solution. The LCST of PDMAEMA occurs in the range of 35 – 100 °C and is a function of 

pH.19,24,128–130 Diblock star polymers were synthesized by successive, chain extensive 

polymerization of DMAEMA from the PMEO2MA star polymers, resulting in 14 block 

copolymer arms comprised of PMEO2MA as an inner block and PDMAEMA as an outer block. 

The degree of polymerization and molecular weight of each star polymer were summarized in 

Table 2.1. The intensity-average hydrodynamic diameter of PMEO2MA star polymers in water 

at 4, 25 and 45 °C, measured by dynamic light scattering with a Malvern Instruments Zetasizer 

Nano ZSP, are summarized in Table 2.2. 

Table 2.1. Degree of polymerization and molecular weight of synthesized 14-arm star polymers 

Name Star polymer type 
Degree of polymerization 

MW 
MEO2MA DMAEMA 

PMEO2MA stars β-CD-(PMEO2MA)14 50 N/A 135,000 

PDMAEMA stars β-CD-(PDMAEMA)14 N/A 62 140,000 

Diblock stars 
β-CD-(PMEO2MA-b-

PDMAEMA)14 
50 35 212,000 

 

Table 2.2. Temperature effect on the hydrodynamic diameter of PMEO2MA star polymers in 

water 

Temperature (°C) Hydrodynamic diameter (nm) 

4 8.1 ± 0.45 

25 7.8 ± 0.42 

45 160 ± 11 
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2.2 Linear polymers, surfactants and solvents 

 Linear PEO polymers with molecular weights of 2×105 and 1×106 (denoted as PEO 200k 

and PEO 1000k) were purchased from Sigma-Aldrich, and linear PEO with a molecular weight 

of 6000 (PEO 6k) was purchased from Fluka. The linear PEO samples were used as received. 

Triton X-100 was purchased from J. T. Baker Chemical Co. and used as received. Water was 

deionized and purified to a resistivity of 18.2 MΩ∙cm using a Barnstead Nanopure Diamond 

system. Xylene (98.5%) was purchased from Spectrum Chemicals and used as received. 

Cyclohexane (99+%) purchased from Alfa Aesar was further purified by passage through a basic 

alumina column to remove trace surface active impurities. Interfacial tensions of clean oil/water 

interfaces were measured to ensure the absence of surface active contaminants. Sodium chloride 

(NaCl, VWR Life Science AMRESCO) was used to tune ionic strength of aqueous solutions, and 

pH adjustments were made using 0.1 M solutions of HCl (BDH Chemicals) or NaOH (Fisher 

Chemical). Unless otherwise specified, the salt concentration in β-cyclodextrin core star polymer 

solutions was 1 mM NaCl. All experiments were conducted at room temperature, approximately 

22˚C. 

2.3 Experimental methods and techniques 

 This section details the primary experimental methods used to study the 

foaming/emulsification efficiencies and stability, and the interfacial properties of star polymers 

adsorbed at fluid interfaces. Foam and emulsions were generated using a high shear 

homogenizer. The interfacial properties were characterized using a number of surface sensitive 

measurement techniques. Pendant drop tensiometry was used to determine interfacial tension and 

dilatational modulus from the shape of a pendant liquid drop. Ellipsometry was used to evaluate 
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the extent of adsorption of star polymers at fluid interface. The dynamic light scattering methods 

were used to probe size and charge of the star polymers. 

2.3.1 Foaming and emulsification 

2.3.1.1 Foaming 

 Foaming was carried out using a sawtooth homogenizer (Biospec Tissue Tearor 985370-

395) at 1.65 Watts for one minute with a 10 mL polymer solution in water. The solutions were 

contained in 2.4 cm diameter glass vials. After foaming, the foam height was recorded as a 

function of time to characterize its stability. Foams were stored in sealed glass vials at room 

temperature. 

2.3.1.2 High shear emulsification 

 Emulsions were made using the sawtooth homogenizer at the same power output (1.65 

W) for one minute. The 1:1 volume ratio of oil:water is defined to be the preferred emulsion type 

condition,11,131 which was determined by drop test measurements. Unless otherwise specified, 

polymers were dispersed in water before emulsification. Emulsion stability was measured by 

monitoring the height change of each phase (oil, emulsion, and/or water phase) over time. 

Emulsions were stored in sealed glass vials at room temperature. 

2.3.2 Pendant drop tensiometry 

2.3.2.1 Interfacial tension measurements 

 Equilibrium air/water and oil/water interfacial tensions were measured as a function of 

bulk polymer concentration using pendant drop tensiometry132 (Biolin Scientific Optical 

Tensiometer). An aqueous drop of polymer solution was created at the end of a needle and 
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suspended in air or oil. The drop shape was recorded and the interfacial tension was determined 

by analysis according to: 

𝛾 = ∆𝜌 𝑔 
𝑅0

2

𝛽
 (2.1) 

where γ is interfacial tension, ∆ρ is density difference between the fluids, 𝑔 is gravitational 

constant, R0 is radius of drop curvature at apex, and β is Bond number. The Bond number can be 

determined through the Young-Laplace equation expressed as three first order equations: 

𝑑𝑥

𝑑𝑠
= cos𝜑 (2.2) 

𝑑𝑧

𝑑𝑠
= sin𝜑 (2.3) 

𝑑𝜑

𝑑𝑠
= 2 − 𝛽𝑧 −

sin𝜑

𝑥
 (2.4) 

where x is the horizontal coordinate, z is the vertical coordinate, 𝜑 is the angle of rotation 

measured from the apex, and s is the arc length, as depicted in Figure 2.1. 

 

Figure 2.1. The pendant drop geometry. An aqueous drop of polymer solution was created at the 

end of a needle and suspended in air or oil. The drop shape was recorded and the interfacial 

tension was determined by analysis according to the Young-Laplace equation. 
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 For each measurement, the time-dependent interfacial tension was monitored to ensure 

the interfacial tension had reached equilibrium. Interfacial tensions of clean air/water and 

oil/water interfaces were measured with both the pendant drop tensiometer and a du Noüy ring 

tensiometer, and the values were consistent. All interfacial tension reduction results are reported 

as interfacial pressures (Π), which is defined as the difference between the interfacial tension of 

polymer-free interface (γ0) and polymer-adsorbed interface (γ). 

Π = γ0  −  γ (2.5) 

 

2.3.2.2 Dynamic dilatational modulus measurements 

 The dynamic dilatational modulus was determined using the pendant drop tensiometer 

with a controlled sinusoidal oscillation of the drop volume. The drop surface area and the 

interfacial tension were simultaneously recorded. Before any dilatational modulus measurement, 

the drop was maintained at a constant volume to reach equilibrium as indicated by a constant 

interfacial tension. Dilatational experiments were conducted for varying bulk polymer 

concentration and oscillation frequency at a fixed areal strain amplitude of 3 – 5%. 

The dynamic dilatational modulus (Ed) is defined as104 

𝐸𝑑 =
𝑑 𝛾

𝑑 ln𝐴
≈ 𝐴0

∆ 𝛾

∆ 𝐴
 (2.6) 

where γ is the total interfacial tension, A0 is the initial interfacial area, and ∆A is the amplitude of 

the interfacial area oscillation. In a dynamic experiment, the total interfacial tension may have 

both equilibrium and non-equilibrium contributions related to rate-dependent dissipation or 

elastic deformations in the interface. When a small amplitude oscillation at frequency ω is 

applied to the system, the complex interfacial dilatational modulus (E*) is determined by 
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𝛾(𝑡)𝑒𝑖(𝜔𝑡+𝛿) = 𝐸∗
∆ 𝐴

𝐴0
𝑒𝑖𝜔𝑡 (2.7) 

𝐸∗ = 𝐸′ + 𝑖𝐸" (2.8) 

where δ is the phase angle between the forced area oscillation and the interfacial tension 

response, and E’ and E” are the elastic (storage) and viscous (loss) moduli, respectively.104 The 

elastic part accounts for the recoverable energy stored in the interface whereas the viscous part 

accounts for energy lost through relaxation processes. The viscous modulus may be influenced 

by the adsorption/desorption dynamics of polymers or by viscous dissipation in the deforming 

interface. The dynamic dilatational modulus can differ from the equilibrium, or “Gibbs”, 

dilatational elasticity when viscous losses, non-equilibrium deformations or dynamic adsorption 

and desorption processes accompany the forced area oscillation of an adsorbed layer. 

 It should be noted here that the modulus measured with this method is not pure 

dilatational modulus but the combination of the dilatational and bending modulus. When 

measuring properties of curved interfaces, bending modulus can be important and its magnitude 

depends on the curvature of the interface.133–135 However, the star polymer adsorbed layers 

generally exhibit very small bending moduli compared to the dilatational moduli. This is evident 

in the results shown in Figure 2.2, where the measured modulus is independent of the droplet 

volume used in the pendant drop tensiometry. Table 2.3 summarizes the corresponding 

interfacial pressures, the radii and bond numbers for PEO stars and diblock stars at different 

droplet volumes during small amplitude oscillation. 
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Figure 2.2. The storage (filled symbols) and loss (empty symbols) dynamic dilatational modulus 

of 0.01 wt% (a) multi-arm PEO star polymers and (b) diblock star polymers adsorbed at 

cyclohexane/water interface as a function of frequency with different volume droplet. (a) Droplet 

volume: (●, ○) 15 μL (■, □) 5 μL and (♦, ◊) 3 μL. The measured interfacial tensions before the 

dilatational experiments were 25.7 ± 0.05, 25.1 ± 0.5, and 25.6 ± 0.8 mN/m for droplet volume 

15, 5, and 3 μL, respectively. (b) Droplet volume: (●, ○) 8 μL (■, □) 6 μL and (♦, ◊) 4 μL. The 

measured interfacial tensions before the dilatational experiments were 10.6 ± 0.02, 10.9 ± 0.03, 

and 11.7 ± 0.09 mN/m for droplet volume 8, 6, and 4 μL, respectively. 

 

Table 2.3. Drop volume and the corresponding drop radius, measured interfacial tension and 

calculated Bond number for 0.01 wt% PEO star polymers and 0.01 wt% diblock star polymers 

adsorbed at cyclohexane/water interface during small amplitude oscillation 

Star polymer 
Drop volume 

(μL) 

Drop radius 

(mm) 

Interfacial 

tension (mN/m) 
Bond number 

PEO stars 

15 1.5 25.6 ± 0.0005 0.2 ± 0.005 

5 1.0 24.5 ± 0.004 0.1 ± 0.01 

3 0.9 25.4 ± 0.004 0.07 ± 0.01 

Diblock stars 

8 1.2 10.5 ± 0.0006 0.31 ± 0.006 

6 1.1 11.2 ± 0.0008 0.25 ± 0.005 

4 1.0 11.8 ± 0.001 0.18 ± 0.006 
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2.3.2.3 Large amplitude, interfacial compression and expansion 

 The oil/water interfacial mechanics were also probed through large amplitude 

compressions and expansions to measure the dilatational modulus using pendant drop 

tensiometry. Before each measurements, the drop was maintained at a constant volume until the 

interfacial tension showed little change with time. The drop volume was then decreased or 

increased at a constant rate of 0.05 μL/s, which corresponds to the rate of interfacial area change 

of 0.07 – 0.1 mm2/s. The change in interfacial tension and interfacial area was recorded for three 

interfacial compression and expansion cycles. The dilatational modulus was calculated using 

equation (2.6). 

2.3.3 du Noüy ring tensiometry 

 The du Noüy ring method involves slowly lifting a ring, often made of platinum, from the 

surface of a liquid. The force (F) required to raise the ring from the liquid surface is measured 

and related to the interfacial tension (γ) of the liquid: 

𝐹 = 𝑊𝑟𝑖𝑛𝑔 + 2𝜋(𝑅𝑖 + 𝑅𝑜)𝛾 (2.9) 

where Ri and Ro is the inner and outer radius of the ring, and Wring is difference between the 

weight of the ring and the buoyant force. 

 Comparison of interfacial tension lowering when dispersing polymers in xylene or in 

water was done with a du Noüy ring tensiometer using the method for liquid/liquid 

interfaces.136,137 This was done to ensure a large volume of both the oil and water phases, in 

order to eliminate possible artifacts due to polymer depletion from dilute solutions in the small 

pendant drop when comparing adsorption from xylene or from water. Between each reading, the 

ring was rinsed by ethanol, acetone, and deionized water. For each measurement, the clean 
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xylene/water interfacial tension (γ0) was measured before an aliquot of concentrated polymer 

stock solution was injected into either the xylene or water phase. The sample was gently stirred 

for five minutes with a magnetic stir bar in the aqueous phase and then allowed to equilibrate for 

a minimum of 12 hours before measuring the interfacial tension (γ). A second measurement was 

recorded 24 hours after the first measurement. Samples were covered between measurements to 

minimize evaporation. The two measured values were within experimental error, indicating the 

interfacial tension had equilibrated. 

2.3.4 Ellipsometry 

 Adsorption at air/water and oil/water interfaces was measured using a phase-modulated 

ellipsometer (Beaglehole Instruments Picometer) with a polarized 632.8 nm laser beam.138 

Angles of incidence were set near the Brewster angle, and the measured ellipticity ρ was 

interpreted using parameters defined by Beaglehole:138 

𝑥 = 𝑅𝑒(ρ)
2

1 + 𝑅𝑒(ρ)2 + 𝐼𝑚(ρ)2
 (2.10) 

𝑦 = 𝐼𝑚(ρ)
2

1 + 𝑅𝑒(ρ)2 + 𝐼𝑚(ρ)2
 (2.11) 

For interfacial films much thinner than the incident light wavelength, the x parameter depends 

primarily on the refractive indices of the bulk phases while the y parameter is sensitive to the 

local variation of refractive index caused by the adsorbed layer. 

 Adsorption measurements were carried out in a glass Petri dish (diameter = 10 cm) 

containing 40 mL of water. For oil/water systems 40 mL of xylene or cyclohexane (depth of each 

phase = 0.5 cm) were carefully poured onto the water. Optical light guides similar to those 

described by Benjamins and co-workers139 were used to pass the incident and reflected beams 
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through the oil layer to measure the oil/water interface. As a check on instrument alignment and 

the absence of surface-active impurities, the x and y parameters of a clean interface were 

recorded for 600 s to make sure they were stable and matched the theoretically expected values 

at the beginning of each experiment. 

 Adsorption isotherms were measured by adding a concentrated polymer stock solution to 

either the aqueous phase or the organic phase as appropriate to obtain the desired concentration. 

The solution was gently stirred for one minute with a glass rod and then allowed to rest for at 

least 12 h to reach a steady signal. The ∆x and ∆y ellipsometry signals (change compared to the 

clean interface) were recorded and averaged over 600 s at each incident angle afterwards. 

 For the air/water interface, the final ∆x and ∆y values were analyzed as a function of 

incident angle to determine the optical average refractive index and thickness of the adsorbed 

film using the single homogeneous film striated medium optical model140 (air of refractive index 

1.00, adsorbed film of refractive index nf and thickness df, and bulk aqueous phase of refractive 

index n0). The surface excess concentration (Γ) was then determined via the de Feijter relation141 

Γ =
𝑑𝑓(𝑛𝑓 − 𝑛0)

𝑑𝑛/𝑑𝑐
 (2.12) 

where dn/dc is the refractive index increment of the polymer solution, previously reported to be 

0.13 cm3/g for both linear PEO and PEO star polymers in aqueous solution.13 The refractive 

index of the bulk aqueous solution, n0, was determined from the refractive index of pure water, 

1.333, corrected for the polymer concentration and refractive index increment. TF Companion 

software (Semicon Software Inc.) was used to determine the optical average thickness of the 

adsorbed layer, for an assumed refractive index of the adsorbed layer. For the air/water interface, 

uncertainties in the refractive index and the corresponding thickness of the adsorbed film were 
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mutually off-setting, such that the surface excess concentration determined from equation (2.12) 

was independent of the assumed refractive index to within 10%. As will be discussed in Chapter 

3.7, this was not the case for the oil/water interfacial systems, where the more limited optical 

contrast between the two liquids and the polymers prevented an unambiguous determination of 

surface excess concentrations. 

2.3.5 Light scattering 

2.3.5.1 Dynamic light scattering 

 Dynamic light scattering (DLS) measurements are performed on a Malvern ZetaSizer 

ZSP equipped with a He-Ne 633 nm laser. DLS is used to determine the hydrodynamic size 

distribution of star polymers and is appropriate for particle size range ~ 1 nm – 1 μm. DLS 

measures the fluctuations of the scattered light intensity from the suspended particles or 

polymers induced by Brownian motions as a function of time. These fluctuations can ultimately 

be related to the diffusion coefficients of the scattering species by analyzing the autocorrelation 

functions from the intensity data. The diffusion coefficient is proportional to the lifetime of the 

exponential decay and multiple exponential functions were employed to provide a distribution of 

diffusion coefficients. The corresponding hydrodynamic radius of the particles is then 

determined by the Stokes-Einstein relation. 

 The intensity size distributions favor larger particles due to the fact that the scattered light 

intensity is proportional to the radius of the particle raised to the sixth power.142 Therefore, to 

more accurately represent the particle size population, intensity-weighted distributions can be 

converted to number-weighted distribution which requires input of the refractive index of the 

scattering particles and solvent quality. The refractive index used for multi-arm PEO star 
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polymers, linear PEO and PMEO2MA star polymers was 1.465. The refractive index of 

PDMAEMA stars and diblock stars was assumed to be similar to pure PDMAEMA (n = 1.44). 

Number distributions were only weakly sensitive to adjustments in refractive index. 

2.3.5.2 Electrophoretic light scattering 

 Electrophoretic mobility of star polymers was measured with a Malvern ZetaSizer ZSP in 

a disposable folded capillary cell containing two gold electrodes. A voltage drop is applied 

across the capillary cell while collecting scattering intensity from the suspended species. The 

frequency of incident light is then compared to the frequency of scattered light in the presence of 

an oscillating applied electric field. Particles or polymers that have a net charge or a net zeta 

potential will travel towards the oppositely charged electrode with a velocity, which results in a 

phase shift between the frequencies of incident light and scattered light. The electrophoretic 

mobility of the scattering species can then be extracted from the measured phase shift. The 

electrophoretic mobility (μE) is defined as 

𝜇𝐸 =
𝑣

𝐸
 (2.13) 

where v is the particle velocity and E is the strength of the applied electric field. The zeta 

potential of the particle is calculated from the electrophoretic mobility using the generalized von 

Smoluchowski equation and Henry function, f(κa): 

𝜇𝐸 =
𝜀 𝜀0 𝜁

𝜂
 𝑓(𝜅𝑎) (2.14) 

𝑓(𝜅𝑎) =
2

3
[
 
 
 

1 +
1

2 (1 +
2.5

𝜅𝑎(1 + 2𝑒−𝜅𝑎)
)
3

]
 
 
 

 (2.15) 



34 

 

where ε is the fluid dielectric constant, ε0 is the permittivity of free space, ζ is the zeta potential, 

η is the fluid viscosity, κ is the Debye length, and a is the radius of the particle. 
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3 Interfacial activity of PEO star polymers at fluid interfaces 

Reprinted (adapted) with permission from Y. Huang, M. Lamson, K. Matyjaszewski, and R. D. 

Tilton. Enhanced Interfacial Activity of Multi-Arm Poly(Ethylene Oxide) Star Polymers Relative 

to Linear Poly(Ethylene Oxide) at Fluid Interfaces. Physical Chemistry Chemical Physics, 2017, 

19, 23854 – 23868 

3.1 Introduction 

 This chapter compares the interfacial activity of multi-arm poly(ethylene oxide) (PEO) 

star polymers and linear PEO chains at both air/water and oil/water interfaces. In order to 

understand how polymer structure controls interfacial behaviors, we determine the interfacial 

tension reduction (interfacial pressure), dynamic dilatational modulus and extent of adsorption of 

multi-arm PEO star polymers. They were prepared by atom transfer radical polymerization123–127 

using PEO macromonomers. Each star possesses approximately 64 arms that have a molecular 

weight of 2000. The results are compared with linear PEO chains having molecular weights of 

6000, 2 × 105, or 1 × 106. These were chosen to be comparable to a single arm of the star 

polymer, to an entire star polymer, and to the limited aggregates consisting of three or four PEO 

star polymers that form when they are dispersed in water.128 Air/water, cyclohexane/water and 

xylene/water interfaces were investigated. The last two interfaces offer the opportunity to 

investigate adsorption to an interface with a poor solvent (cyclohexane) or with a good solvent 

(xylene) for PEO, where significant differences in organic phase penetration should be expected. 

 To motivate the interfacial studies we first report on the effectiveness of PEO stars and 

linear PEO as foam stabilizers and then report their interfacial activity at the air/water interface. 

This is followed by a brief comparison of PEO stars and linear PEO as emulsifiers, followed in 
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turn by reporting their interfacial activity at xylene/water and cyclohexane/water interfaces. 

Finally, path-dependent adsorption behaviors at the xylene/water interface are reported. 

 The results show that PEO star polymers produce larger interfacial tension reduction and 

dynamic dilatational moduli than linear PEO of any of the considered molecular weights, at each 

interface type. Adsorption isotherms measured by ellipsometry indicate that star polymers 

achieve higher surface excess concentration than the linear polymers at each interface. Star 

polymer adsorption characteristics are found to be path dependent, yielding significantly 

different interfacial tension reduction and interfacial films when initially dispersed in the xylene 

or aqueous phase, while none of the linear PEO samples display a path dependence. PEO star 

polymers in xylene drive spontaneous emulsification of quiescent xylene/water samples. This 

happens only when PEO stars are dispersed in xylene, not when dispersed in water, and it does 

not occur with linear PEO. This is consistent with the observations of path-dependent adsorption 

behavior. 

3.2 Linear PEO and PEO star polymers characterization 

 PEO star polymers were synthesized by atom transfer radical polymerization123–127 of 

PEO methacrylate macromonomers (PEO45MA, molecular weight of 2000) with divinylbenzene 

(DVB) as a cross-linker, as previously reported.18 The weight average molecular weight (Mw) 

was determined to be 1.76×105 by gel permeation chromatography in tetrahydrofuran with multi-

angle laser light scattering. Factoring in the Mw, conversion of PEOMA, and DVB indicates that 

each star polymer has 64 PEO arms on average.18 Linear PEO polymers with molecular weights 

of 6000, 2×105 and 1×106 (denoted as PEO 6k, PEO 200k and PEO 1000k) were chosen to be 

comparable with to a single arm of the star polymer, to an entire star polymer, and to the limited 
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aggregates consisting of three or four PEO star polymers that form when they are dispersed in 

water.128 The number-average hydrodynamic radii for PEO stars and linear polymers in water, 

measured by dynamic light scattering with a Malvern Instruments Zetasizer Nano instrument, are 

summarized in Table 3.1. 

Table 3.1. Number-average hydrodynamic radii for PEO stars and linear polymers 

Polymer PEO 6k PEO 200k PEO 1000k Stars 

Rh (nm) 1.81 ± 0.02 4.6 ± 0.3 5.1 ± 1.2 6.6 ± 0.3 

 

3.3 Interfacial behavior at air/water interface 

3.3.1 Foaming efficiency and stability 

Aqueous foaming results for PEO star concentrations varying from 0.001 to 0.1 wt% are 

summarized in Figure 3.1. Higher PEO star concentrations yielded greater initial foam volumes 

with smaller bubble sizes (Figure 3.1a). For concentrations of 0.005 to 0.1 wt%, significant 

fractions of the initial foam were retained after two hours of aging (Figure 3.1b). As the foam 

started to destabilize through the mechanisms of disproportionation and bubble coalescence, the 

bubbles started to grow and the foam height decreased. The apparent increase in foam height for 

the 0.005 wt% concentration resulted from the uncertainty of localizing the interface between the 

foam and the aqueous phase, as the interface was distorted by large bubbles. The foam was 

completely lost within 24 hours. No stable foam was produced with any of the linear PEO 

polymers for similar concentrations. The foams collapsed completely within 5 minutes after 

preparation. Just as the association of multiple arms with a dense polymer core makes PEO stars 

efficient emulsifiers,17 the nanoparticulate brush character of PEO star polymers renders them 

more effective foaming agents than linear PEO. This greater foaming effectiveness of PEO stars 

compared to linear PEO motivates a comparison of their fundamental interfacial behaviors at the 
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air/water interface, just as their superior emulsifying performance motivates a study of interfacial 

behavior at oil/water interfaces. 

 

 

Figure 3.1. (a) Photographs of foams for varying concentrations of PEO stars 5 minutes after 

preparation. (b) Changes in foam height for different concentrations of PEO stars as a function of 

time: (●) 0.1 (■) 0.05 (♦) 0.01 (▲) 0.005 (*) 0.001 wt%. Lines serve to guide the eye. 

 

3.3.2 Interfacial tension reduction 

 Figure 3.2 shows the surface pressure isotherms for PEO star polymers and linear PEO 

adsorbed at the air/water interface. The linear PEO 6k produced the lowest surface pressure, 

suggesting the smallest density of PEO segments penetrating the interface and/or the weakest 
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inter-chain interactions among all the polymers sampled. PEO 200k and PEO 1000k surface 

pressure isotherms were similar to each other and showed little dependence on bulk 

concentration. This has been observed previously143 for high molecular weight PEO and is 

consistent with high affinity adsorption and a constant degree of polymer segment penetration of 

the interface. PEO star polymers produced the highest surface pressures (10 – 13 mN/m) and 

showed the greatest dependence on bulk concentration. These surface pressures are smaller than 

those achieved by PDMAEMA-grafted silica nanoparticles with high PDMAEMA chain grafting 

density and similar to those achieved by moderate grafting density PDMAEMA-grafted silica 

nanoparticles at the air/water interface.24 

 

Figure 3.2. Surface pressure isotherm of (♦) PEO stars and linear (□) PEO 1000k, (○) PEO 200k, 

and (∆) PEO 6k adsorbed to the air/water interface. 

 

 The larger surface pressure achieved by PEO stars than by linear PEO is consistent with 

more extensive segment penetration of the interface for PEO stars. Whereas linear PEO chains 
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entropic and enthalpic contributors to the overall adsorption energy,144 the highly constrained 

PEO chains in the multi-arm star polymers perhaps hinder the formation of non-adsorbed loops. 

 Dynamic surface tension data indicate (Figure 3.3) that linear PEO reached its saturation 

conditions at the air/water interface more rapidly than PEO stars. The surface tensions of the 

linear PEO solutions dropped rapidly to their final value as the droplets were generated, while 

the surface tension relaxed over the course of approximately an hour to the final value for PEO 

stars. Despite their rapid adsorption relative to PEO stars, linear PEO chains were not effective 

foaming agents as PEO stars were. 

 

Figure 3.3. Interfacial tension reduction for 0.05 wt% of PEO stars and linear PEO at air/water 

interface: (♦) PEO stars and linear (□) PEO 1000k, (○) PEO 200k, and (∆) PEO 6k. 

 

3.3.3 Dynamic dilatational elasticity 

Figure 3.4 reports the magnitude of the complex dynamic dilatational modulus of PEO 

star polymers adsorbed at the air/water interface as a function of oscillation frequency with a 

constant 3% area strain amplitude at different bulk concentrations. PEO stars produced moduli 
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between approximately 6 and 9 mN/m and showed no significant dependence on frequency 

ranging from 0.05 – 1 Hz (Figure 3.4a).  These moduli are small compared to moduli observed 

to be on the order of several tens to over 100 mN/m for gel-forming protein layers at the 

air/water interface,145 or moduli well over 100 mN/m for dense monolayers of insoluble 

surfactants.146 The PEO star dilatational moduli are more similar to those measured for 

PDMAEMA-grafted silica nanoparticles24 and spread monolayers of moderately hydrophobic 

particles at the air/water interface147 or for either spread or adsorbed monolayers of low 

molecular weight poly(propylene glycol),148 a more hydrophobic polymer than PEO. 

 

      

Figure 3.4. (a) The magnitude of the complex dynamic dilatational modulus of PEO stars 

adsorbed at the air/water interface as a function of frequency with 3% strain amplitude at 

different bulk concentrations: (○) 0.1 (□) 0.05 (◊) 0.01 (∆) 0.005 (*) 0.001 (+) 0.0005 wt%. (b) 

The magnitude of the complex dynamic dilatational moduli averaged over all frequencies for 

PEO stars at the air/water interface. Schematic illustration showing how adsorbed (c) linear and 

(d) star polymers at the air/water interface differ in their response to the perturbation of surface 

area. (The illustrated area change is exaggerated relative to the 3% strain amplitude imposed in 

the experiments.) 
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The lack of a frequency dependence in the measured range suggests that any 

adsorption/desorption processes that could occur, would do so on longer timescales than those 

sampled here. Furthermore, the dynamic dilatational modulus averaged over all frequencies 

showed a modest increase with increasing bulk concentration (Figure 3.4b). Both the modulus 

and the surface pressure achieved by PEO star adsorption increased approximately 30% with 

increasing bulk concentration (Figure 3.2).  In each experiment with PEO stars at the air/water 

interface, the dilatational storage modulus (E’) accounted for 94 to 99% of the magnitude of the 

complex modulus. The insignificance of the loss modulus (E”) indicates that the PEO star layer 

is primarily elastic in the ~ 0.1 to 1 Hz frequency range. This is evident in the sample data shown 

in Figure 3.5a, where there is no significant phase angle between the sinusoidal interfacial 

tension and area oscillations. The dynamic dilatational elastic modulus will be compared to the 

static dilatational modulus below, after ellipsometry results are presented for PEO star surface 

excess concentrations. 
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Figure 3.5. Surface tension and droplet area oscillation for 0.05 wt% of (a) PEO stars, linear (b) 

PEO 6k, (c) PEO 200k and (d) PEO 1000k at the air/water interface. The surface area oscillation 

frequency is 0.1 Hz. (e) Fast Fourier transform analysis of the surface tension data during forced 

surface area oscillations at the air/water interface confirms the lack of a dilatational elastic 

response for linear PEO, while PEO stars demonstrate a strong peak at the frequency of the 

forced area oscillation: (♦) PEO stars and linear (□) PEO 1000k, (○) PEO 200k, and (∆) PEO 6k. 
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Whereas PEO stars produced finite dilatational moduli, none of the adsorbed linear PEO 

samples produced a detectable dilatational modulus. As seen in the representative data in Figure 

3.5, b – d, the surface tension response for adsorbed linear PEO was not sinusoidal but instead 

merely fluctuated around the equilibrium tension with a similar signal:noise ratio as observed in 

a stationary drop. To check the absence of a forced interfacial tension change, the raw data was 

fast Fourier transformed. No peak was detectable at the forced oscillation frequency for linear 

PEO (Figure 3.5e). These measurements are made for frequencies between 0.1 and 1 Hz and 

differ from a previous surface light scattering analysis of capillary waves which indicated 

significant elasticity at high frequencies for linear PEO monolayers at the air/water interface.149 

The difference illustrates the important dependence of the dynamic dilatational modulus on the 

relative time scales of polymer conformational relaxations and interface deformation. 

The absence of dilatational elasticity for linear PEO is attributed to its highly flexible 

structure which allows facile reconfiguration of polymer loops and tails at the interface when the 

area is perturbed at low frequency. During the surface area oscillation, the chains may freely 

shift segments between non-adsorbed loops and tails and adsorbed trains and thereby maintain a 

constant degree of interfacial penetration and constant surface pressure (see schematic 

illustration in Figure 3.4c). On the other hand, the PEO star adsorbed layer does exhibit 

dilatational elasticity. Conformational changes in the star polymer arms are restricted owing to 

the strong lateral constraints placed on them by neighboring chains in the same star polymer. 

These multi-arm PEO stars lack the configurational freedom to readily adjust the degree of 

interfacial penetration in response to a forced surface area change. Thus, the star polymers retain 

their configuration to a large extent and experience a surface dilution, decreasing surface 

pressure, upon area expansion and a surface densification, increasing surface pressure, upon area 
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reduction, as depicted schematically in Figure 3.4d. As the data in next section will show, the 

PEO stars are tightly packed at the air/water interface. In that case, lateral elastic compression of 

PEO chains on the closely packed PEO stars could contribute significantly to the dilatational 

elasticity. Then, the interfacial dilatational elasticity may reflect the compressional elasticity of 

the star polymers themselves. The compressional elastic character of nanoparticulate polymer 

brushes has been noted previously.150 

3.3.4 Large amplitude surface compression and expansion 

 To further investigate the structure of the PEO star adsorbed layer at the air/water 

interface, the surface pressure versus area isotherms were obtained from slow, large amplitude 

interfacial compression and expansion using the pendant drop tensiometer (Figure 3.6). 

Adsorbed layer compression significantly increased its surface pressure. There was no hysteresis 

between interfacial compression and expansion, and data from three compression/expansion 

cycles collapsed onto a single curve, suggesting that PEO stars are irreversibly adsorbed to the 

air/water interface. The isotherms showed no evidence of abrupt transitions in the absorbed 

layer, and the quasi-static dilatational modulus -dΠ/dlnA determined from the slow compression 

and expansion cycles increased smoothly to ~ 25 mN/m with increasing surface pressure. The 

moduli were ~ 6 – 10 mN/m at surface pressures below 15 mN/m, consistent with the dynamic 

dilatational moduli measured from the small amplitude oscillations (Figure 3.4b). Highly 

compressed monolayers had a modulus of ~ 30 mN/m at Π = 25 mN/m (Figure 3.6b). 
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Figure 3.6. (a) Surface pressure versus area (mm2) isotherm for PEO stars at air/water interface. 

The bulk concentration of PEO stars is 0.001 wt%. The surface area compression and expansion 

rate was kept in the range of 0.07 – 0.1 mm2/s. Three cycles of surface compression and 

expansion were recorded. (b) Compression and expansion modulus for PEO stars at air/water 

interface as a function of surface pressure deduced from the surface pressure versus area 

isotherm. Three cycles of surface compression and expansion were recorded. 

 

3.3.5 Extent of adsorption 

 Surface excess concentrations were measured using ellipsometry over a concentration 

range corresponding to the surface pressure measurements. As depicted in Figure 3.7a, the linear 

PEO 200k and PEO 1000k polymers produced a surface excess concentration, Γ, of 

approximately 0.5 mg/m2 (and ~ 0.3 mg/m2 for PEO 6k) that does not vary with bulk 

concentration, which is consistent with the constant surface pressure (Figure 3.2). This surface 

excess concentration is similar to high molecular weight PEO adsorption measurements on solid 

hydrophobic surfaces and on hydrophilic silica surfaces.13,151–154 Adsorption of PEO star 

polymers increased from Γ = 1.32 ± 0.05 mg/m2 at 0.0005 wt% bulk concentration to Γ = 2.28 ± 

0.06 mg/m2 at 0.1 wt%. The significantly higher surface excess concentration for star polymers 

is consistent with the efficient packing of mass in the compact star polymer architecture. The 

strong constraints on chain rearrangement at the interface inhibit the spreading of individual 
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stars, confining all of the mass to a small interfacial area. The additional mass is contained in the 

direction perpendicular to the interface. These experimental findings support the conclusions of 

molecular simulations that predict weak conformational perturbation of highly constrained multi-

arm star polymers upon adsorption.155 The present results for the air/water interface are 

consistent with the greater surface excess concentrations observed for star polymers than for 

linear polymers on solid surfaces.13 The mobility of the fluid interface relative to the immobile 

solid/liquid interface does not change the qualitative comparison of linear and star polymer 

adsorption. 

 

Figure 3.7. (a) Surface excess concentration and (b) apparent area fraction surface coverage for 

(♦) PEO stars and linear (□) PEO 1000k, (○) PEO 200k, and (∆) PEO 6k adsorption to the 

air/water interface. 

 

It is noted that attempting to deduce the surface excess concentration from the slope of the 

surface pressure isotherm (Figure 3.2) using the Gibbs adsorption equation would suggest Γ = ~ 

0 mg/m2 for linear PEO and an anomalously high value of Γ = ~ 25 mg/m2 for PEO stars. 

Previous research has also shown that PEO adsorption produces a constant surface pressure over 

a wide concentration range.143 The large discrepancy between the surface excess concentration 
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deduced from the Gibbs equation and that measured by ellipsometry indicates that simple 

application of the Gibbs adsorption equation without additional considerations of the 

thermodynamics of adsorbed polymer layers is inappropriate. The surface pressure is controlled 

by the density of polymer segments penetrating the interface and the polymer conformation 

adopted at the interface. 

In order to estimate the degree of crowding at the interface, the area fraction surface 

coverage (θ) corresponding to each surface excess concentration was estimated by assuming that 

the projected area of a particular adsorbed species is equal to the cross-sectional area defined by 

its hydrodynamic radius Rh measured in bulk solution (i.e., assuming minimal perturbation upon 

adsorption):14 

θ = π𝑅ℎ
2 Γ 

𝑁𝐴

𝑀
 (3.1) 

where M is the molar mass and NA is Avogadro’s number. These area fraction estimates are 

plotted in Figure 3.7b. The low area fraction surface coverage for all linear PEO polymers (< 

0.5) is expected for adsorbed homopolymers. The PEO star polymers are evidently densely 

packed on the surface. Their estimated area fraction coverage exceeds unity as the bulk 

concentration increases. This need not be interpreted as the formation of multilayers. It is more 

likely that the closely packed stars do experience some lateral compression (their projected area 

is decreased) upon adsorption. There is also evidence based on light scattering and atomic force 

microscopy13 that these PEO stars form small, slightly anisotropic aggregates in water. A 

crowding-induced re-orientation to place the long axis of the aggregates normal to the interface 

would be consistent with area fractions exceeding unity. Furthermore, there is likely size-

dependent selective adsorption from the disperse sample. In any case, the evidence suggests 
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close-packing of elastic PEO stars, which is consistent with the existence of a significant 

dynamic dilatational modulus that is almost entirely elastic in origin. The formation of a dense, 

elastic adsorbed layer at even the most dilute PEO star concentrations examined here may be 

responsible for the better foaming performance of PEO stars compared with linear PEO. 

3.3.5.1 Gibbs elasticity 

 The long-time (static) surface pressure (Figure 3.2) and the surface excess concentration 

(Figure 3.7) are both available for each bulk PEO star polymer concentration. Analysis of the 

static data according to equation (2.6), where A scales as 1/Γ, yields the static dilatational elastic 

modulus as: 

𝐸𝑑 =
𝑑 𝛾

𝑑 ln𝐴
= −

𝑑 𝜋

𝑑 ln 𝐴
=

𝑑 𝜋

𝑑 ln 𝛤
= −

𝑑 𝜋

𝑑 ln 1/𝛤
 (3.2) 

which would be the equilibrium or Gibbs elasticity for a thermodynamically equilibrated, fully 

insoluble monolayer. This analysis indicates a constant static dilatational elastic modulus of 5.1 

mN/m over the concentration range examined here (Figure 3.8). Dynamic dilatational moduli 

ranged from 6 to 9 mN/m, indicating that static effects account for the majority of the dynamic 

modulus, with the remainder likely reflecting non-equilibrium reconfigurations during the 0.1 to 

1 Hz forced oscillation. 
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Figure 3.8. Surface pressure area isotherm for PEO stars adsorbed at air/water interface. 

Ellipsometry provided the static surface excess concentration for each PEO star concentration at 

which surface pressures were measured in independent experiments. Linear regression for the 

slope of  vs. ln(1/) yields a static dilatational elasticity Ed = 5.1 mN/m. 

 

3.3.5.2 Solution depletion upon polymer adsorption 

 The kinetics of polymer adsorption is influenced by the diffusion of polymer from the 

bulk to the surface. Polymer depletion from the bulk solution upon polymer adsorption is more 

pronounced in the pendant drop experiments than in the ellipsometry experiments due to the 

small volume of a pendant drop. Table 3.2 summarizes the estimated change in the bulk 

concentration upon polymer adsorption for PEO stars and linear PEO in pendant drop 

experiments. The analysis is based on the assumptions that the pendant drop is spherical and a 

closed system, meaning that no polymers are added to the system after the drop is generated 

despite the fact that the pendant drop is connected to the bulk reservoir. Depletion from the bulk 

decreases the total polymer flux to the interface, which leads to slower transport dynamic to 

surfaces and lower surface excess concentration. As shown in Table 3.2, polymer depletion 
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becomes more pronounced at low bulk concentrations. Nearly 60% of PEO stars and ~ 15 – 30% 

of linear PEO are depleted from the bulk solution with concentration of 0.0005 wt%, which is 

consistent with their slower dynamic surface tension reduction at low bulk polymer 

concentrations. 

Table 3.2. Estimated change in the bulk concentrations upon polymer adsorption for PEO stars 

and linear PEO with a 10 μL pendant drop at different bulk concentrations. The analysis is based 

on the assumptions of a spherical pendant drop and no polymer diffusion from the bulk reservoir 

to the pendant drop. The surface excess concentrations are obtained via ellipsometry using large 

glass petri dishes. 

Polymer 
Conc. 

(wt%) 

Total 

polymer 

(mg) 

Γ 

(mg/m2) 

Polymer at 

interface 

(mg) 

Polymer at 

interface 

/Initial in bulk 

(%) 

PEO stars 

0.1 0.01 2.28 0.0000511 0.51 

0.05 0.005 2.17 0.0000486 0.97 

0.01 0.001 1.78 0.0000400 4.00 

0.005 0.0005 1.80 0.0000404 8.07 

0.001 0.0001 1.48 0.0000333 33.26 

0.0005 0.00005 1.33 0.0000298 59.55 

PEO 

1000k 

0.1 0.01 0.61 0.0000138 0.14 

0.05 0.005 0.62 0.0000139 0.28 

0.01 0.001 0.62 0.0000140 1.40 

0.005 0.0005 0.59 0.0000133 2.66 

0.001 0.0001 0.49 0.0000110 10.98 

0.0005 0.00005 0.62 0.0000139 27.80 

PEO 200k 

0.1 0.01 0.65 0.0000145 0.15 

0.05 0.005 0.67 0.0000151 0.30 

0.01 0.001 0.55 0.0000124 1.24 

0.005 0.0005 0.55 0.0000122 2.45 

0.001 0.0001 0.52 0.0000117 11.71 

0.0005 0.00005 0.57 0.0000128 25.54 

PEO 6k 

0.1 0.01 0.36 0.0000080 0.08 

0.05 0.005 0.34 0.0000077 0.15 

0.01 0.001 0.44 0.0000100 1.00 

0.005 0.0005 0.33 0.0000075 1.50 

0.001 0.0001 0.28 0.0000064 6.38 

0.0005 0.00005 0.34 0.0000077 15.46 
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3.4 Interfacial behavior at oil/water interfaces 

3.4.1 Emulsification efficiency and stability 

Stable emulsions were formed with 0.005 wt% and higher concentrations of PEO stars 

for both xylene/water and cyclohexane/water systems (Figure 3.9), consistent with prior 

findings.17,18 All emulsions were oil-in-water with dispersed oil droplet volume fractions 

exceeding 70 vol%. No stable emulsions were formed using any of the linear PEO samples; 

those emulsion droplets coalesced immediately after homogenization. This motivates the 

comparison of star and linear PEO behaviors at these liquid/liquid interfaces. 

  

Figure 3.9. Effect of PEO star concentration on emulsion stability: (●) 0.1 (■) 0.05 (♦) 0.01 (▲) 

0.005 (*) 0.001 wt%. Changes in height for (a) xylene-in-water and (b) cyclohexane-in-water 

emulsions at different concentrations of PEO stars as a function of time. Lines serve to guide the 

eye. 

 

3.4.2 Interfacial tension reduction 

Interfacial pressure isotherms measured by pendant drop tensiometry for PEO stars and 

linear PEO adsorbed at xylene/water and cyclohexane/water interfaces are plotted in Figure 
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for clean xylene/water and cyclohexane/water interfaces were measured to be 37.0 ± 0.2 and 

49.9 ± 0.4 mN/m, respectively, which agree with values reported in the literature.24,156–158 

  

Figure 3.10. Interfacial pressure isotherm of (♦) PEO stars and linear (□) PEO 1000k, (○) PEO 

200k, and (∆) PEO 6k adsorbed from water to (a) xylene/water and (b) cyclohexane/water 

interfaces. 

 

We hypothesize that the solvent quality of the organic phase for the polymers can alter 

the interfacial tension and polymer adsorption energy, with enthalpic factors deriving from 

segmental contacts with one or the other solvent, and entropic factors deriving from the 

associated conformational differences when one solvent is more readily penetrated by polymer 

segments than the other. There would be minimal segmental penetration into a poor solvent, but 

possibly substantial penetration into a good solvent. Xylene and cyclohexane were used to 

represent a good and a poor solvent, respectively, for PEO. Comparing Figure 3.10a and b 

indicates that these two interfaces showed the same trends, but the interfacial pressure measured 

at the cyclohexane/water interface was consistently several mN/m higher than at the 

xylene/water interface. This may be associated with greater compaction of polymer chains at the 

0

5

10

15

20

25

30

0.0001 0.001 0.01 0.1 1

π
(m

N
/m

)

Bulk concentration (wt%)

(a)

0

5

10

15

20

25

30

0.0001 0.001 0.01 0.1 1

π
(m

N
/m

)
Bulk concentration (wt%)

(b)



54 

 

poor solvent interface associated with the difference in adsorption enthalpy compared to the 

good solvent interface.121 

The interfacial pressure isotherms for these oil/water interfaces showed similar trends to 

the air/water interface (Figure 3.2). PEO star interfacial pressures increased with the bulk 

concentration (although not as strongly as at the air/water interface) and were consistently 

greater than the linear PEO interfacial pressures (but again, not as much as at the air/water 

interface). The surface pressures produced by PEO stars are comparable to those produced by 

PDMAEMA-grafted silica nanoparticles at the xylene/water interface.24 The PEO star surface 

pressures are smaller compared to poly(oligo(ethylene oxide) monomethyl ether methacrylate) 

functionalized iron oxide nanoparticles at the dodecane/water interface93 but are larger than those 

measured at the trichloroethylene/water interface for silica particles modified with a strong 

polyelectrolyte, poly(styrenesulfonate).20 Also similar to the air/water interface, linear PEO 6k 

produced the lowest interfacial pressure, and the interfacial pressure of linear polymers did not 

depend significantly on their bulk concentration. These observations indicate that the compact 

star polymer structure favors more extensive interfacial penetration than linear PEO at these 

liquid/liquid interfaces, as was observed at the air/water interface. 

3.4.3 Dynamic dilatational elasticity 

 The magnitudes of the complex dynamic dilatational modulus of PEO stars adsorbed at 

xylene/water and cyclohexane/water interfaces are presented in Figure 3.11. These were on the 

order of 10 mN/m, just slightly larger than moduli at the air/water interface and similar to those 

measured for PDMAEMA-grafted silica nanoparticles at the xylene/water interface.24 As with 

the air/water interface, the storage modulus E’ accounted for more than 95% of the magnitude of 



55 

 

the complex modulus for adsorbed PEO stars at xylene/water and cyclohexane/water for 

frequencies between 0.1 and 1 Hz. Similar to observations at the air/water interface, the PEO star 

modulus showed little dependence on oscillation frequency. The concentration dependence was 

somewhat more pronounced than it was at the air/water interface (Figure 3.11c and d). As with 

the air/water interface, linear PEO did not produce a significant dynamic dilatational modulus at 

either the xylene/water or cyclohexane/water interface. Similar to the air/water interface, forced 

oscillation of the xylene/water or cyclohexane/water interfacial area yielded no response in the 

interfacial tension for linear PEO. The response to the forced area oscillation was within the 

experimental noise (Figure 3.12 – Figure 3.13). The lack of a dilatational response for linear 

PEO is again attributed to facile redistribution of segments between non-adsorbed loops and tails 

and adsorbed trains, whereas the finite dilatational modulus for the adsorbed PEO stars is 

attributed to hindered chain reconfiguration and/or elastic compression of closely packed star 

polymers at the interface. 
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Figure 3.11. The magnitude of the complex dynamic dilatational modulus of PEO stars adsorbed 

at the (a) xylene/water interface and (b) cyclohexane/water interface as a function of frequency 

with 3% strain amplitude at different bulk concentrations: (○) 0.1 (□) 0.05 (◊) 0.01 (∆) 0.005 (*) 

0.001 wt%. Concentration dependence of the magnitude of the complex dynamic dilatational 

moduli, averaged over all tested frequencies, of PEO stars at the (c) xylene/water and (d) 

cyclohexane/water interface. 
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Figure 3.12. Interfacial tension and droplet area oscillation for 0.05 wt% of (a) PEO stars, linear 

(b) PEO 6k, (c) PEO 200k and (d) PEO 1000k at the xylene/water interface. The oscillation 

frequency is 0.1 Hz. (e) Fast Fourier transform analysis of interfacial tension response in the 

dynamic dilatational modulus experiments at the xylene/water interface: (♦) PEO stars and linear 

(□) PEO 1000k, (○) PEO 200k, and (∆) PEO 6k. No peak was detected for linear PEO at the 

forced oscillation frequency. 
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Figure 3.13. Interfacial tension and droplet area oscillation for 0.05 wt% of (a) PEO stars, linear 

(b) PEO 6k, (c) PEO 200k and (d) PEO 1000k at the cyclohexane/water interface. The oscillation 

frequency is 0.1 Hz. (e) Fast Fourier analysis of interfacial tension response in the dynamic 

dilatational modulus experiments at the cyclohexane/water interface: (♦) PEO stars and linear (□) 

PEO 1000k, (○) PEO 200k, and (∆) PEO 6k. No peak was detected for linear PEO at the forced 

oscillation frequency. 
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This behavior may be important for the high emulsifying efficiency of PEO stars. 

Adsorbed layers that form at low bulk concentrations produced significant interfacial pressure 

and dilatational elasticity. Prior investigations have shown that a significant dilatational modulus 

hinders thin film drainage and enables the adsorbed layer to resist interfacial 

deformation,103,106,107 processes that precede emulsion droplet coalescence. Although caution 

must be observed when extrapolating from experiments with relatively large drops probed over a 

limited range of frequencies to emulsions and foams with dynamic processes that occur over 

widely separated timescales, the observed dilatational elasticity of adsorbed PEO star polymer 

layers may be a key factor that distinguishes their good emulsifying and foaming performance 

from the poor performance of linear PEO. 

3.4.4 Large amplitude interfacial compression and expansion 

Slow compression and expansion experiments of the oil/water interface were also 

performed to further investigate the behavior of the PEO star adsorbed layers (Figure 3.14). 

Unlike the air/water interface, there was significant hysteresis between compression and 

expansion of the xylene/water interface. It was strongest during the first compression/expansion 

cycle. There was very little hysteresis for the cyclohexane/water interface. The data therefore 

suggests that some of the PEO stars desorbed into the xylene phase during the first compression. 

Similar to the air/water interface, the quasi-static moduli increase with increasing interfacial 

pressures and are consistent with dynamic dilatational moduli obtained from small amplitude 

oscillations at low surface pressures. However, unlike the air/water interface, the compression 

modulus reached a maximum at high degrees of compression. This indicates a structural change 

of the adsorbed layer. A decrease in modulus at Π above ~ 30 mN/m or ~ 40 mN/m for 

xylene/water or cyclohexane/water, respectively, may suggest a monolayer collapse. 
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Figure 3.14. Interfacial pressure versus area (mm2) isotherm for PEO stars at (a) xylene/water 

and (b) cyclohexane/water interface. The concentration of PEO stars in water is 0.001 wt%. The 

interfacial compression and expansion rate was kept in the range of 0.07 – 0.1 mm2/s. In (a), the 

second and third cycles are overlapping. Compression and expansion modulus for PEO stars at 

(c) xylene/water and (d) cyclohexane/water interface as a function of interfacial pressure 

deduced from the interfacial pressure versus area isotherm. Three cycles of interfacial 

compression and expansion were recorded. 
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3.4.5 Extent of adsorption 

 Adsorption of PEO stars and linear PEO at the xylene/water interface was measured by 

ellipsometry. Unambiguous conversion of the ellipsometry signals to the surface excess 

concentration at the xylene/water interface is much more difficult because the refractive index 

contrast between xylene and water is relatively small (nwater = 1.333 and nxylene = 1.500) 

compared to the air/water interface (nwater = 1.333 and nair = 1.000). In such a system that has 

small optical contrast, the value of df (nf  – n0) is highly dependent on the assumed optical 

properties of the adsorbed layer (see Chapter 3.7 for detailed analysis), and thus the surface 

excess concentration cannot be uniquely determined via equation ((2.12). The adsorbed layers 

are too thin for ellipsometry to directly resolve their thickness and index, even with multi-angle 

scanning, so one is forced to assume an index (or thickness) and extract the thickness (or index) 

from fitting the ellipsometric data. Whereas the surface excess concentration calculated from the 

index and thickness was robust and insensitive to the assumed parameter value for the air/water 

interface, the surface excess concentration was highly sensitive to the assumed value for the 

xylene/water interface. 

Nevertheless, the measured ellipsometric parameters still provide insight into the relative 

adsorbed amounts of the different polymers at the interface. Figure 3.15a shows ∆y, the change 

in the ellipsometric y parameter (see equation (2.11)) relative to the initially clean interface, 

measured at the xylene/water interface as a function of bulk concentration. The measured ∆y 

decreased with increasing bulk concentration for linear PEO 6k and the PEO stars, which is an 

indication of increasing adsorption. This is based on the theoretically predicted dependence of 

the y parameter on the adsorbed layer thickness, for an assumed value of the layer refractive 

index (Figure 3.15b). Increasing thickness at constant index equates to increasing surface excess 
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concentration. For linear PEO 200k and 1000k, the measured ∆y became independent of the bulk 

concentration, indicating the interface had reached saturation. The observation of more negative 

∆y for PEO stars than for any of the linear polymers suggests that the extent of PEO star 

adsorption is greater than for linear PEO, consistent with trends at the air/water interface (Figure 

3.7). It is noted that measuring PEO adsorption at the cyclohexane/water interface using 

ellipsometry is extremely difficult since the optical contrast between the water and the 

cyclohexane is extremely small (nwater = 1.333 and ncyclohexane = 1.425), making it hard to 

distinguish ∆y from the noise. 

 

Figure 3.15. (a) Measured ellipsometric ∆y as a function of bulk polymer concentration 

adsorbed from water to the xylene/water interface: (♦) PEO stars (□) PEO 1000k (○) PEO 200k 

(∆) PEO 6k. (b) Theoretically predicted dependence of (●) x and (♦) y on the thickness of a 

homogeneous adsorbed layer with nf = 1.44 at 42° angle of incidence. 
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side of the interface. Figure 3.16 compares equilibrium interfacial pressures for different PEO 

forms adsorbed from either xylene or water as a function of the bulk concentration. For any of 

the linear PEO samples, the interfacial pressure isotherms were independent of the phase from 

which the polymers adsorbed. This suggests that linear PEO chains readily equilibrate and adopt 

similar conformations with similar degrees of interfacial penetration regardless of their route to 

the interface. 

 
Figure 3.16. Comparison of xylene/water interfacial pressure isotherms for linear (a) PEO 6k, 

(b) PEO 200k, (c) PEO 1000k and (d) PEO stars adsorbed from xylene (□), from water (●) or 

from both xylene and water phases with half the total mass of PEO stars dispersed in each phase 

(∆). 
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 In contrast, PEO star polymers displayed significantly greater (by ~ 20 to 25%) 

interfacial pressures when adsorbing from the xylene phase than from the aqueous phase (Figure 

3.16d). Greater interfacial pressures were also achieved by dispersing PEO stars simultaneously 

in both xylene and water phases. In the latter case, half of the PEO stars were dispersed in each 

phase. This discrepancy, which persisted even after two days of equilibration, indicates that PEO 

star polymer layers adopt different structures that persist for long times, depending on their 

initial environment. The star polymers are accessing different states separated by a significant 

energy barrier depending on their path to the interface. Additional insights into the structure of 

the interfacial film are obtained from ellipsometry. 

3.4.6.2 Ellipsometry when dispersing polymers in different phases 

 Ellipsometry of the xylene/water interface indicates that the interfacial structures that 

produce significant differences in interfacial pressure (Figure 3.16) are dramatically different 

when PEO stars adsorb from xylene or from water, as shown in Figure 3.17. The observation of 

large changes in both ellipsometric signals, ∆x and ∆y, when the PEO stars were initially 

dispersed in the xylene phase indicates that an extremely thick layer was formed at the interface. 

The measured ∆y for PEO stars adsorbing from xylene was much larger in magnitude than the 

value produced when they adsorbed from water. The large ∆x is remarkable. Recall that for thin 

films, x is nearly insensitive to the film refractive index and is dominated by the bulk indices. 
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Figure 3.17. Change in ellipsometric parameters (a) ∆x and (b) ∆y for PEO star adsorption to the 

xylene/water interface from xylene (□) or from water (●). 

 

This suggests that the adsorbed layer is much thicker than a monolayer. Calculations with 

the striated interface optical model, assuming several possible indices for the adsorbed film (nf = 

1.38, 1.40, 1.44 or 1.48), indicate that the adsorbed layer must have been at least 200 nm thick to 

produce such changes in both x and y. Furthermore, the measured dependence of the 

ellipsometric parameters on incident angle showed significant systematic discrepancies from the 

homogeneous film optical model, indicating a complex film structure exists. Although the exact 

value of ∆x was not reproduced in replicate experiments, the production of a large ∆x value was 

reproducible. Furthermore, the large changes in ∆x and ∆y persisted even after 10 days of sample 

equilibration. This pronounced difference in the interfacial structure depending on the path taken 

by PEO stars to the interface is consistent with the differences in interfacial pressure. Visual and 

microscopic inspection of the xylene/water system, presented in Chapter 3.5, suggest that the 

interfacial film produced when PEO stars are initially in xylene is a water-in-oil emulsion. 
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3.5 Spontaneous emulsification with multi-arm PEO star polymers 

 We observed that when PEO stars were initially dispersed in xylene and brought into 

contact with pure water with minimal disturbance, the xylene phase became turbid after one 

hour, whereas initially both phases were transparent (Figure 3.18). A turbid region formed in the 

less dense xylene top phase above the xylene/water interface and gradually expanded upward 

until it reached the top of the xylene phase. In addition, the xylene phase turbidity was more 

pronounced for higher PEO star concentrations (Figure 3.19). This phenomenon was also 

observed when PEO stars were initially dispersed simultaneously in both xylene and water 

phases (Table 3.3). However, this phenomenon did not occur when PEO stars were initially 

dispersed in water before contacting xylene, nor for any linear PEO initially dispersed in either 

phase. The turbidity production observed here is not the result of a polymer phase separation. 

PEO star dispersions in xylene that were not in contact with water remained transparent 

indefinitely, and pre-saturation of xylene with water did not lead to a PEO star dispersion 

becoming turbid. 
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Figure 3.18. Photographs of xylene/water with 0.1 wt% PEO stars initially dispersed in xylene 

(top phase) at time = 0, 3, 24, and 96 h after sample preparation, (a) – (d), respectively. 

Microscope images of spontaneous emulsification commencing at the interface between a xylene 

droplet of 0.1 wt% PEO stars surrounded by water at (e) the initial stage and (f) 20 seconds after 

the two liquids were brought into contact. The microscope images were taken using a 

microtensiometer apparatus.24,159 

 

 

Figure 3.19. Optical density of the xylene phase of the xylene/water system 3.5 hours after 

sample preparation. PEO stars were initially dispersed in xylene. Turbidity increased with the 

bulk concentration of PEO stars initially dispersed in xylene, indicating increasing spontaneous 

emulsification of water into xylene. 

0

0.05

0.1

0.15

0.2

0.25

0.0001 0.001 0.01 0.1 1

O
p

ti
ca

l d
en

si
ty

 (
λ

= 
6

3
2

 n
m

)

Bulk concentration in xylene (wt%)

(a) (b) (c) (d) 

(e) (f) 



68 

 

Table 3.3. Photographs of xylene/water with 0.1 wt% PEO stars initially dispersed in water 

(bottom phase), initially dispersed in xylene, and initially dispersed in both xylene and water 

phases with the same total amount of PEO stars (50/50 mass in each phase) 

 Initial 1 h 2 h 3 h 4 h 17 h 24 h 

PEO 

stars in 

water 

       

PEO 

stars in 

xylene 

       

PEO 

stars in 

water 

and 

xylene 

       

 

 At longer times on the order of 24 to 96 hours, the turbidity was observed to settle back 

toward the interface. This suggests that the turbidity results from spontaneous emulsification of 

water into the xylene phase. The emulsion sedimentation at longer times likely reflects water 

droplet coarsening. Such a sedimented emulsion layer would explain the thick interfacial film 

detected by ellipsometry (Figure 3.17). Microscopic inspection of a microscale xylene drop 

confirmed the spontaneous emulsification. Figure 3.18e and f show microscope images of a 

xylene droplet immersed in water. The xylene droplet contains 0.1 wt% PEO stars. Within 20 s 
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of contacting the xylene droplet with water, microscopic droplets of water were observed to form 

at the xylene/water interface and to be convected upwards (against gravity) inside the xylene 

drop. Visible observation in the microscope showed considerable fluid shear at the interface, 

presumably due to Marangoni flow induced by PEO star adsorption generating localized 

interfacial tension gradients.160 These microscopic observations are consistent with the 

observations in macroscopic vials (Figure 3.18a – d). Note that the time scales for the 

spontaneous emulsification process are much shorter in the microscopic drop (Figure 3.18e and 

f) than in the macroscopic samples because of the decreased length scales over which mass 

transfer must occur. 

We finish by proposing a mechanism based on the difference in PEO star solubility 

between the two liquids to explain the occurrence of spontaneous emulsification only when PEO 

stars are initially dispersed in the xylene phase, and not when they are in the aqueous phase. 

Because the two liquids are not initially in equilibrium, there is a driving force for PEO stars to 

redistribute between the xylene and aqueous phases. The following hypothesized description 

refers to each stage of the schematic illustration in Figure 3.20. (a) When the xylene phase 

containing PEO stars first contacts the water phase, some of the PEO stars adsorb to the interface 

and some start to diffuse into the aqueous phase due to the greater solubility of PEO in water 

than in xylene84 (see Chapter 3.6 for detail analysis). (b) Adsorption reduces interfacial tension 

and increases interfacial fluctuations. (c) Any non-uniformity in the local interfacial tension 

depression drives a localized Marangoni flow that draws water into the budding droplets. Since 

PEO stars have entered the aqueous phase, PEO stars may access all sides of the budding droplet 

now, from both the xylene and water sides, to help seal off a droplet. Marangoni interfacial shear 

may help dislodge water droplets from the interface. The occurrence of spontaneous 
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emulsification when dispersing PEO stars simultaneously in both xylene and water phases 

(Table 3.3) is consistent with the proposed mechanism whereby the opportunity for PEO stars to 

access the interface from either phase facilitates droplet formation in the xylene phase. The lack 

of spontaneous emulsification when PEO stars are initially dispersed only in the aqueous phase 

may reflect the significantly weaker driving force for them to diffuse into the weaker xylene 

solvent, hindering the ability of PEO stars to access the budding droplet from both sides. 

 

Figure 3.20. Proposed hypothetical mechanism for the spontaneous emulsification occurring at 

the interface between a PEO star-rich xylene phase and a water phase. Each stage is explained in 

the text. 

 

3.6 Partition coefficient for PEO between xylene and water 

To calculate the partition coefficient for PEO between xylene and water, a sample was 

made at a 1:1 xylene/water volume ratio with high concentration of linear PEO 6k in the water 

phase (33 wt%) and no PEO in the xylene phase. The refractive indices of both xylene and water 

phases were measured immediately after sample preparation and a week after the preparation. As 

shown in Table 3.4, we observed no change in refractive index, indicating that almost all PEO 

stayed in the water phase instead of diffusing into the xylene phase. 
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Table 3.4. Change in refractive index of xylene and water phases in xylene/PEO-water system 

Refractive index Xylene PEO-water (33 wt%) 

At initial time 1.4946 1.3801 

After a week 1.4947 1.3808 

 

Another sample with 1:1 xylene/water volume ratio with high concentration of linear 

PEO 6k (0.10035 g/mL of PEO 6k in xylene) initially in the xylene phase was prepared, with no 

PEO in the water. The partitioning of PEO 6k between xylene and water phases was examined 

by measuring the refractive index, as shown in Table 3.5. The increase in refractive index of the 

water phase indicates that some of PEO 6k in the xylene phase diffused into the water phase. The 

redistribution of PEO 6k is due to the greater solubility of PEO in water than in xylene phase. 

Table 3.5. Change in refractive index of xylene and water phases in PEO-xylene/water system 

Refractive index PEO-xylene (10 wt%) Water 

At initial time 1.4958 1.3326 

After a day 1.4954 1.3445 

 

 The refractive index of water phase, 1.3445, indicates that the final concentration of 

water phase was 0.091 g/mL. Thus, the partition coefficient for PEO 6k between water and 

xylene can be calculated: 

P𝑤𝑎𝑡𝑒𝑟/𝑥𝑦𝑙𝑒𝑛𝑒 =
0.091

0.10035 − 0.091
= 9.73 (3.3) 
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3.7 Analysis for ellipsometric determination of surface excess concentration 

 As previously mentioned in Chapter 2.3.4, the surface excess concentration can be 

calculated from ellipsometrically determined optical properties of an adsorbed layer using the de 

Feijter relation:141 

Γ =
𝑑𝑓(𝑛𝑓 − 𝑛0)

𝑑𝑛/𝑑𝑐
 (2.12) 

where n0 is the refractive index of the bulk polymer solution, and df and nf are the optical average 

thickness and refractive index of the adsorbed layer, respectively, and dn/dc is the refractive 

index increment of the polymer solution, previously reported to be 0.13 cm3/g for both PEO 

linear and star polymers.13 

 Here we model the dependence of the calculated surface excess concentration on the 

assumed refractive index of a PEO adsorbed used when analyzing ellipsometry data. We first 

generate the ellipsometric parameters for a “true” PEO adsorbed layer using a refractive index of 

1.44 and a thickness of 20 Å. These “true” optical properties give a y parameter (see Chapter 

2.3.4, equation (2.11)) according to the homogeneous film striated media optical model that one 

would obtain experimentally. Then, to mimic the data fitting process, we take an initial guess for 

the refractive index of the thin adsorbed layer (nf), fit for the thickness of the adsorbed layer (df) 

which gives the same y parameter, and calculate the surface excess concentration using de Feijter 

relation. 

3.7.1.1 Air/water  

 Figure 3.21 shows the calculated surface excess concentration (Γ) of a PEO adsorbed at 

the air/water interface (nwater = 1.333 and nair = 1.000). Varying the initial guess for the refractive 

index of the adsorbed layer from 1.40 to 1.46 (the latter upper limit corresponding to the 
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refractive index of pure PEO) only changes the surface excess concentration by 10%. This 

indicates that the errors of assumed and fitted optical properties (nf and df) are mutually 

compensating. Therefore, the value of df (nf – n0) is nearly invariant (to within ~ 10%), meaning 

the surface excess concentration calculated by de Feijter relation is nearly independent of the 

optical properties of the adsorbed layer at the air/water interface, and quantitative comparisons 

can be made with ~ 10% tolerance for uncertainty. 

 

Figure 3.21. Calculated surface excess concentration as a function of the guessed refractive 

index of the adsorbed PEO layer at the air/water interface, based on analysis of the ellipsometric 

y parameter for the “true” adsorbed layer that has refractive index of 1.44 and thickness of 20 Å. 

The angle of incidence is 53°. 

 

3.7.1.2 Xylene/water 

 For PEO adsorption at the xylene/water interface, we follow the same modeling 

procedure as in the air/water system by assuming the “true” adsorbed layer has refractive index 

of 1.44 and thickness of 20 Å. As illustrated in Figure 3.22, the modeling results show that the 

surface excess concentration of PEO at the xylene/water interface is highly dependent on the 
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value of the guessed refractive index used when analyzing ellipsometric data. The difficulty of 

obtaining the accurate value of the surface excess concentration results from the weaker optical 

contrast between the xylene and water phases (nwater = 1.333 and nxylene = 1.500), making the 

ellipsometric signals less sensitive to the local variation of refractive index caused by the 

adsorbed layer. In other words, the uncertainly of fitting the experimental data for the optical 

properties of the adsorbed thin film is large, making it impossible to unambiguously determine 

the surface excess concentration. 

 

Figure 3.22. Calculated surface excess concentration as a function of the guessed refractive 

index of the adsorbed PEO layer at the xylene/water interface, based on analysis of the 

ellipsometric y parameter for the “true” adsorbed layer that has refractive index of 1.44 and 

thickness of 20 Å. The angle of incidence is 43°. 

 

3.7.1.3 Measuring from both xylene and aqueous phase 

 An approach has been proposed in the literature, which allows the determination of both 

film thickness and refractive index by making ellipsometry measurements from both organic 

phase and aqueous phase.161 To test the method of measuring from both organic and aqueous 
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phases, we followed the same modeling procedure mentioned above and estimated the surface 

excess concentration based on different “guessed” refractive index of the thin film by assuming 

the “true” adsorbed layer has refractive index of 1.44 and thickness of 20 Å. As illustrated in 

Figure 3.23, the modeled surface excess concentration obtained from both sides shows the same 

trend, indicating that making measurements from both sides is, unfortunately, not able to solve 

the uncertainty of the optical properties of the adsorbed layer in the xylene/water system. 

 

Figure 3.23. Calculated surface excess concentration measured from both xylene and water 

phases as a function of the guessed refractive index of the adsorbed PEO layer at the 

xylene/water interface, based on analysis of the ellipsometric y parameter for the “true” adsorbed 

layer that has refractive index of 1.44 and thickness of 20 Å. The angle of incidence measuring 

from xylene and water is 43° and 47°, respectively. 

 

3.8 Conclusions 

 Several fundamental interfacial activity characteristics have been compared for multi-arm 

star polymers and linear polymers with the same chemical composition as the star polymer arms. 

Interfacial tensiometry, dynamic dilatational elasticity, and ellipsometry demonstrate that multi-
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arm PEO star polymers exhibit significantly different fundamental adsorption characteristics 

from those exhibited by linear PEO chains that have molecular weights that approximate either 

the molecular weight of individual star polymer arms, of an entire star polymer, or of star 

polymer aggregates in water. Similar differences in interfacial behavior are manifested at the 

air/water interface, the cyclohexane/water interface that represents an immiscible poor 

solvent/good solvent interface, and the xylene/water interface that represents an immiscible good 

solvent/good solvent interface. 

 The compact star polymers generate significantly larger interfacial pressures than linear 

polymers. PEO star polymers produce significant dynamic dilatational elastic moduli that are 

nearly purely elastic in nature with little or no dilatational viscous character, at each of these 

interfaces, whereas linear PEO layers produce no detectable dilatational elasticity in the 0.1 to 1 

Hz frequency range. The lack of an elastic response of adsorbed linear PEO to forced interfacial 

area oscillations is attributed to facile redistribution of segments among non-adsorbed loops and 

tails and adsorbed trains that maintains a constant interfacial pressure throughout the forced area 

oscillations at these frequencies. The highly constrained chains of the PEO stars are proposed to 

be less able to reconfigure during area oscillations, leading to an increase in interfacial tension 

upon area dilation. 

 PEO stars adsorb to significantly greater extents than linear PEO, producing two- to 

three-fold greater surface excess concentrations and achieving area fraction coverages that 

indicate densely packed adsorbed layers. More extensive PEO star adsorption is verified 

quantitatively by ellipsometry at the air/water interface and demonstrated qualitatively by 

ellipsometry at the xylene/water interface. The determination that PEO star layers are densely 
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packed suggests that elastic deformation of closely packed PEO stars during forced interfacial 

area oscillations may also contribute to the measured dilatational elastic modulus of their 

adsorbed layers. The greater surface excess concentrations produced by PEO star adsorption are 

due to the compact star polymer structure. Not able to spread along the interface as a linear 

polymer can, star polymers present all of their mass in a relatively small projected area at the 

interface. 

 Unlike linear PEO, multi-arm PEO star polymers are effective emulsifiers and foaming 

agents. Since both linear PEO and PEO star polymers reduce interfacial tension, this alone is an 

unlikely factor to differentiate their emulsifying and foaming performance. The differentiation 

may arise primarily from the significant dynamic dilatational elasticity produced by PEO star 

adsorption, and its absence from adsorbed linear PEO layers. Dense, elastic PEO star layers may 

better resist drop or bubble coalescence. 

 PEO stars exhibit a pronounced sensitivity to the adsorption path. When adsorbed to the 

xylene/water interface from xylene, they produce significantly larger interfacial pressures, 

spontaneous emulsification and persistent thick interfacial films, that may consist of a dense 

sedimented emulsion phase, compared to interfacial layers produced by adsorption from the 

aqueous phase. Linear PEO experiences no such path dependence. 
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Figure 3.24. The observed dilatational elasticity of adsorbed PEO star polymer layers may be a 

key factor that distinguishes their good emulsifying and foaming performance from the poor 

performance of linear PEO. 
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4 Interfacial activity of β-cyclodextrin core star polymers at fluid interfaces 

4.1 Introduction 

 This chapter compares the interfacial activity of 14-arm poly(di(ethylene glycol) methyl 

ether methacrylate) (PMEO2MA) star polymers, poly(2-(dimethylamino)ethyl methacrylate) 

(PDMAEMA) star polymers, and star polymers with block copolymer arms (PMEO2MA-

PDMAEMA) at both air/water and oil/water interfaces. In order to understand how polymer 

chemistry controls interfacial behaviors at different conditions, we determine the interfacial 

tension reduction, dynamic dilatational modulus and extent of adsorption of star polymers. 

Similar to Chapter 3, air/water, cyclohexane/water and xylene/water interfaces were 

investigated. The last two interfaces again offer the opportunity to investigate adsorption to an 

interface with a poor solvent (cyclohexane) or with a good solvent (xylene) for all the star 

polymers studied in this chapter. 

 The incorporation of PDMAEMA into the polymer chains imparts pH-responsiveness 

into the star polymers. PDMAEMA is a weak polyelectrolyte and has a pKa around 7.0 – 7.5 in 

aqueous solution.162,163 The dimethylamine groups in the polymer are protonated at low pH and 

the polymer becomes more positively charged. At high pH, the polymer arms collapse due to the 

lack of electrostatic repulsion. Studies have reported the hydrodynamic radius of PDMAEMA-

grafted silica particles was dependent on pH and temperature as a result of the conformational 

response of the grafted layers to different solvent conditions.14,162,164 It was also shown that 

PDMAEMA brushes grafted from gold surfaces displayed pH-triggered protein uptake and 

release behaviors.165 The degree of ionization plays an important part on stabilizing thin films 

and emulsions. Additionally, since the polymer adsorption rate, the adsorbed layer conformation 

and the polymer interactions between polyelectrolytes depend strongly on the pH,166 choosing 
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appropriate polymer chains or analogous star polymers allows the creation of pH-responsive 

foams and emulsions.31–33 

 In the following, we first report the effects of pH on the size and charge characteristics of 

the star polymers. These factors dictate polymer interactions and affect star polymer packing on 

air/water and oil/water interfaces. Next, the effectiveness of various stars as foaming agents is 

presented to motivate the interfacial studies, and the comparison of their interfacial activity at the 

air/water interface is reported. Then, emulsification performance with these star polymers is 

presented, followed by reporting their interfacial activity at xylene/water and cyclohexane/water 

interfaces. 

4.2 β-cyclodextrin core star polymers characterization 

 Table 4.1 reports the number-average hydrodynamic diameters of various star polymers 

in aqueous solution at pH 5 and pH 9 measured by dynamic light scattering. PMEO2MA star 

polymer has a hydrodynamic diameter of 7.3 ± 0.3 nm, which is independent of pH. The size of 

the PDMAEMA star polymer decreased when pH increased from 5 to 9. The collapse of a star 

polymer is due to reduced segment-segment electrostatic repulsions, resulting in de-swelling of 

the star polymer. In contrast, the diblock star polymer has a hydrodynamic diameter of 12 nm 

and showed no change in size when pH increased. This is attributed to the lower degree of 

polymerization of the PDMAEMA block (DP ~ 35) per polymer chain than the homo-block 

PDMAEMA star polymers (DP ~ 62), which makes the size change induced by electrostatic 

repulsion less pronounced. Intensity-average hydrodynamic diameters and the polydispersity of 

star polymers is summarized in Table 4.2, which shows that both PDMAEMA and diblock star 

polymers reduced their sizes at high pH due to the lack of electrostatic repulsion. This is also 
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evident in the zeta potential measurements shown in Table 4.3. The electrophoretic mobility 

decreased with increasing pH for both PDMAEMA and diblock star polymers because of the 

deprotonation of PDMAEMA brush. PMEO2MA stars displayed a zeta potential around zero, 

indicating that they are neutrally charged and do not gain translational velocity in response to an 

applied electric field. It is worth mentioning that the hydrodynamic diameters presented here are 

derived from the Stoke-Einstein equation, which relates the measured diffusion coefficient to the 

size of an equivalent hard sphere. Therefore, the reported hydrodynamic diameters for the 

permeable stars should be interpreted as qualitative changes with respect to pH instead of the 

actual size of the star polymers. 

Table 4.1. Number-average hydrodynamic diameters for various 14-arm star polymers in 1 mM 

NaCl aqueous solution at pH 5 and pH 9. Dynamic light scattering measurements were made at 

20 °C with 0.1 wt% star polymer concentration 

Star polymer 
Hydrodynamic diameter (nm) 

pH 5 pH 9 

PMEO2MA stars 7.0 ± 0.3 7.0 ± 0.3 

PDMAEMA stars 9.0 ± 0.03 7.8 ± 0.7 

Diblock stars 12.2 ± 0.5 12.7 ± 2.1 

 

Table 4.2. Z-average hydrodynamic diameters and the polydispersity for various 14-arm star 

polymers in 1 mM NaCl aqueous solution at pH 5 and pH 9. Dynamic light scattering 

measurements were made at 20 °C with 0.1 wt% star polymer concentration 

Star polymer 
Hydrodynamic diameter (nm) PDI 

pH 5 pH 9 pH 5 pH 9 

PMEO2MA stars 9.3 ± 0.2 9.3 ± 0.2 0.104 0.104 

PDMAEMA stars 19.3 ± 0.4 14.7 ± 0.3 0.261 0.259 

Diblock stars 39.4 ± 0.3 28.2 ± 0.7 0.380 0.210 
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Table 4.3. Zeta potentials for various 14-arm star polymers in 1 mM NaCl aqueous solution at 

pH 5 and pH 9. Dynamic light scattering measurements were made at 20 °C with 0.1 wt% star 

polymer concentration 

Star polymer 
Zeta potential (mV) 

pH 5 pH 9 

PMEO2MA stars 2.36 ± 1.24 2.36 ± 1.24 

PDMAEMA stars 19.3 ± 2.5 7.1 ± 1.3 

Diblock stars 37.2 ± 0.9 10.0 ± 0.4 

 

4.3 Interfacial behavior at air/water interface 

4.3.1 Foaming efficiency and stability 

 Aqueous foaming results for star polymers at pH 5 and pH 9, and the time for foams to 

completely collapse are summarized in Table 4.4. PMEO2MA star polymers are the most 

effective at stabilizing foams among these three star polymers. For concentrations of 0.05 and 

0.1 wt%, the foam destabilized through bubble coalescence and completely collapsed after 105 

and 140 minutes, respectively. No stable foams was produced with PDMAEMA and diblock star 

polymers at pH 5 when the star polymers are swollen and positively charged. The foams 

collapsed immediately after ceasing the mechanical agitation. At pH 9, the PDMAEMA and 

diblock star polymers were able to stabilize foams but the foams only lasted for 10 – 15 minutes. 

The foaming performance of these cyclodextrin-core star polymers was not as efficient as multi-

arm PEO stars, which can stabilize foams at 0.005 – 0.1 wt% for more than 2 hours, as reported 

previously.46 The difference in formability at various conditions motivates a comparison of their 

interfacial behavior at the air/water interface. 
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Table 4.4. Concentrations of star polymers to stabilize foams and the corresponding foam 

stability 

Star polymers pH Concentration (wt%) Foam stability (min) 

PMEO2MA stars 5 & 9 
0.1 140 

0.05 105 

PDMAEMA stars 

5 No foam N/A 

9 
0.1 11 

0.05 7 

Diblock stars 

5 No foam N/A 

9 
0.1 15 

0.05 15 

 

4.3.2 Surface tension reduction 

 Figure 4.1 shows the surface pressure isotherms at pH 5 and pH 9 for star polymers 

adsorbed at the air/water interface. PMEO2MA star polymers (circle symbols) showed high 

affinity to the air/water interface and produced the highest surface pressures (15 – 30 mN/m). In 

addition, the surface pressures showed no dependence on the pH due to the non-ionic property of 

PMEO2MA. These surface pressures are similar to those achieved by copolymer of MEO2MA 

and oligo(ethylene glycol) methacrylate (OEGMA), and MEO2MA-co-OEGMA-grafted iron 

oxide particles.167 PDMAEMA star polymers (triangle symbols) achieved surface pressures < 5 

mN/m at pH 5. These low surface pressures are attributed to the strong electrostatic repulsion 

between positively charged PDMAEMA star polymers at low pH, which prevents them from 

adsorption to the air/water interface. At pH 9, PDMAEMA star polymers are neutralized and 

collapsed. The absence of electrostatic forces resulted in the increase in surface pressure from 1 

to 28 mN/m when bulk concentration increased from 0.0005 wt% to 0.1 wt%. The surface 

pressures produced with PDMAEMA star polymer concentrations greater than 0.05 wt% are 

similar to those achieved by PDMAEMA-grated silica nanoparticles with high grafting density 
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and linear PDMAEMA at pH 7.5.24 The surface pressures produced by diblock star polymers 

reached values between those achieved by PMEO2MA and PDMAEMA stars at both pH 5 and 

pH 9. This is possibly attributed to the fact that the inner block polymers (PMEO2MA) have high 

affinity to the interface and therefore enhance the adsorption compared to homopolymer 

PDMAEMA stars. 

 

Figure 4.1. Surface pressure isotherm of (●) PMEO2MA, (▲) PDMAEMA and (■) diblock star 

polymers adsorbed to the air/water interface at (a) pH 5 and (b) pH 9. 
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surface tension dropped rapidly to their final value as the droplet was generated, while at pH 5 

the surface tension slowly relaxed. For more diluted polymer concentrations, a steady value was 
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polymer adsorption to the air/water interface. Charged polymer chains approaching the surface 

will experience a repulsive force which increases as the adsorbed polymers accumulate at the 

surface, resulting in the slower adsorption rate. It is possible that the slow adsorption of 

PDMAEMA and diblock stars to the interface at low pH results in a low surface coverage, 

leading to the instant rupture of the foam films. 

  

Figure 4.2. Surface tension as a function of time for 0.1 wt% diblock star polymers at the 

air/water interface at (□) pH 5 and (○) pH 9. 
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Figure 4.3. Surface tension reduction as a function of time for (a) PMEO2MA star polymers at 

pH 5, (b) PMEO2MA star polymers at pH 9 (c) PDMAEMA star polymers at pH 5, (d) 

PDMAEMA star polymers at pH 9, (e) diblock star polymers at pH 5, and (f) diblock star 

polymers at pH 9 adsorbed to the air/water interfaces. Polymer concentrations are (●) 0.1 (●) 

0.05 (●) 0.01 (●) 0.005 (●) 0.001 (●) 0.0005 wt% 
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4.3.3 Dynamic dilatational elasticity 

 Figure 4.4 reports the magnitude of the complex dynamic dilatational modulus of star 

polymers adsorbed at the air/water interface at pH 5 and pH 9 with a 5% area strain amplitude. 

PMEO2MA star polymers showed a decrease in dilatational modulus as the star polymer 

concentration continuously increased at both pH 5 and pH 9. This is attributed to the high 

affinity adsorption of PMEO2MA stars to the air/water interface (Figure 4.1). When the interface 

expands, the PMEO2MA stars adsorb to the surface and rapidly adjust the surface tension, 

resulting in low dynamic dilatational modulus. The dynamic surface tension (Figure 4.3) 

indicates that the surface tension reached the final value as soon as the droplet was generated for 

higher star polymer concentrations. PDMAEMA star polymers produced very small dilatational 

modulus (< 7 mN/m). This is consistent with low surface pressure (Figure 4.1a) and again 

suggests that very little amount of positively charged PDMAEMA adsorbed to the interface. The 

diblock produced relatively high dilatational modulus compared to PMEO2MA and PDMAEMA 

star polymers at pH 5 despite being positively charged. This is possibly associated to the 

moderate surface pressures that diblock stars achieved (Figure 4.1) and the slow polymer 

adsorption rate to the interface (Figure 4.3), which restrains the adsorbed layers from reaching 

equilibrium during area perturbation. At pH 9, both PDMAEMA and diblock star polymers 

approached electrostatically neutral, and showed an increase followed by a decrease in 

dilatational modulus with increasing polymer concentration (Figure 4.4b). The increase in 

dilatational modulus at low polymer concentration is due to more polymer segments adsorbed to 

the interface when the bulk polymer concentration increases. However, further increases in the 

polymer concentration enhance the flux of polymer chains toward the interface, which rapidly 

adjusts the degree of interfacial penetration in response to a forced surface area change. It has 
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also been reported that the dilatational modulus ran through a maximum with increasing bulk 

concentrations with two nonionic surfactants n-dodecyl-β-D-maltoside (β-C12G2) and 

tetraethyleneglycol-monodecyl ether (C10E4) at air/water interface.168 Increase of the bulk 

concentration has two different effects on the surface elasticity. First, the amount of polymers 

adsorbed at the interface increases, which leads to a higher surface tension change (and thus the 

surface elasticity) during area oscillation. Second, the polymer exchange between bulk and 

adsorbed species is increased with increasing bulk concentration; the degree of interfacial 

penetration is readily adjusted in response to a forced surface area change. In general, the trends 

that we observed from the dynamic surface tension and the dilatational modulus show: (1) low 

dilatational modulus is achieved when there is only small amount of polymer adsorbed to the 

interface, and (2) fast polymer adsorption rate tends to decrease the dilatational modulus. 

 

Figure 4.4. The magnitude of the complex dynamic dilatational moduli averaged over all 

frequencies for (●) PMEO2MA, (▲) PDMAEMA and (■) diblock star polymers at the air/water 

interface at (a) pH 5 and (b) pH 9. Area strain amplitude is 5%. 
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 For all star polymers at the air/water interface, the magnitude of dilatational loss modulus 

(E”) is negligible, indicating that the star polymer adsorbed layers are primarily elastic in the 

0.05 – 0.1 Hz frequency range. This is evident in the sample data shown in Figure 4.5 that the 

sinusoidal interfacial tension and area oscillations are in phase and no significant phase angle is 

detected. The nearly purely elastic adsorbed star polymer layers have also been noted 

previously.46 It is worth mentioning that results for star polymers at air/water interface show no 

frequency dependence on the dilatational modulus, suggesting that the polymer 

adsorption/desorption time scale is not being probed in the range of tested frequencies. 
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Figure 4.5. Surface tension and droplet area oscillation for 0.01 wt% of (a) PMEO2MA, (b) 

PDMAEMA, and (c) diblock star polymers at the air/water interface at pH 9. The surface area 

oscillation frequency is 0.1 Hz. (d) Fast Fourier transform analysis of surface tension response in 

the dynamic dilatational modulus experiments at the air/water interface: (○) PMEO2MA, (∆) 

PDMAEMA, and (□) diblock star polymers. A peak was detected at the forced oscillation 

frequency. 

 

 It has been demonstrated that the surface dilatational properties of the adsorbed layer are 

important factors for foam stability.107,169,170 Prior investigation has also shown that the observed 

dilatational elasticity of adsorbed PEO star polymer layers may be responsible for their good 

13

14

15

16

17

18

43

44

45

46

47

48

0 50 100

A
rea (m

m
2)π

(m
N

/m
)

Time (s)

(a)

12

13

14

15

16

57

58

59

60

61

62

63

64

65

66

67

0 50 100

A
rea (m

m
2)π

(m
N

/m
)

Time (s)

(b)

14

15

16

17

18

48

49

50

51

52

53

54

0 50 100

A
rea (m

m
2)π

(m
N

/m
)

Time (s)

(c)

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3

N
o

rm
al

iz
ed

 a
m

p
lit

u
d

e

Frequency (Hz)

(d)



91 

 

foaming performance, and distinguishes PEO stars from linear PEO being poor foaming agents 

that produced no detectable dilatational modulus.46 However, despite the fact that star polymers 

studied here produce non-zero dynamic dilatational modulus, little correlation is found between 

their ability to stabilize foams and the magnitude of dilatational modulus. This suggests that 

dilatational modulus is sensitive to the structural change in the adsorbed layer during area 

perturbation but is not necessarily a predictor of the foam stability. 

4.3.4 Extent of adsorption 

 Adsorption of star polymers to the air/water interface was measured using ellipsometry 

over a concentration range corresponding to the surface pressure measurements. As presented in 

Figure 4.6, the PMEO2MA star polymer produced surface excess concentrations (Γ) from 1.97 ± 

0.47 to 3.05 ± 0.51 mg/m2 when the polymer concentration increased from 0.0005 to 0.1 wt%. 

The significantly higher surface excess concentration for PMEO2MA star polymers than the 

other two stars studied here is consistent with the high surface pressure (Figure 4.1). The high 

surface affinity and small size allow the efficient packing of PMEO2MA star polymers at the 

interface and result in greater adsorption. PDMAEMA star polymers adsorbed to the air/water 

interface with relatively low extent of adsorption (Γ < 0.4 mg/m2) at pH 5, which is again 

attributed to the strong electrostatic repulsion interactions between positively charged star 

polymers which inhibit closer packing. This surface excess concentration is slightly smaller than 

the linear PDMAEMA adsorbed to air/water and silica interfaces.14,24 Adsorption of diblock star 

polymers at pH 5 increased from Γ = 0.28 ± 0.21 mg/m2 at 0.0005 wt% bulk concentration to 

1.58 ± 0.16 mg/m2 at 0.1 wt%. The measured surface excess concentrations are between those of 

PMEO2MA stars and PDMAEMA stars, which again confirms that the extent of adsorption is 
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enhanced by the high surface activity of inner PMEO2MA polymer block but compromised by 

the intra- and interchain repulsion of outer PDMAEMA polymer block. 

 

Figure 4.6. Surface excess concentration for (●) PMEO2MA, (▲) PDMAEMA and (■) diblock 

star polymers adsorption to the air/water interface at (a) pH 5 and (b) pH 9. 

 

 As pH increased and the PDMAEMA and diblock became deprotonated, the surface 

excess concentration increased for both star polymers. As depicted in Figure 4.6b, the 

PDMAEMA stars produced Γ = 0.5 – 1.2 mg/m2 while the diblock stars produced Γ = 0.8 – 2.1 

mg/m2 at bulk concentration from 0.0005 – 0.1 wt%. At high pH, the decreased charge weakens 

the lateral electrostatic repulsion at the air/water interface and allows more star polymers 

adsorption. Furthermore, the smaller size of star polymers due to the collapsed brush chains 

favor closer packing at the interface. The increase in extent of adsorption at reduced charge 

density is consistent with the trend in surface pressures and has been observed for linear 

polyelectrolyte171 and PDMAEMA-grafted silica particles.14 It is noted that the extent of 

adsorption at pH 9 for PDMAEMA and diblock stars is consistently higher (~ 0.6 mg/m2) than 

0

0.5

1

1.5

2

2.5

3

3.5

4

0.0001 0.001 0.01 0.1 1

Γ
(m

g
/m

2
)

Polymer concentration (wt%)

(a)
pH 5

0

0.5

1

1.5

2

2.5

3

3.5

4

0.0001 0.001 0.01 0.1 1

Γ
(m

g
/m

2
)

Polymer concentration (wt%)

(b)
pH 9



93 

 

those at pH 5. However, the effect of pH on the dynamic of adsorption was not probed here since 

each interface was given at least 12 hours to relax before measurements were taken. 

 The area fraction surface coverage (θ) was calculated from the surface excess 

concentration (Γ) and hydrodynamic radius (Rh) to estimate the degree of crowding at the 

interface using the relation discussed in Chapter 3.3.5: 

θ = π𝑅ℎ
2 Γ 

𝑁𝐴

𝑀
 (3.1) 

where M is the molar mass and NA is Avogadro’s number. Assuming that the projected area of an 

adsorbed star polymer is equal to the cross-sectional area defined by its hydrodynamic radius 

measured in bulk solution, these calculated area fractions are plotted in Figure 4.7. Despite their 

high surface excess concentration, PMEO2MA star polymers produced a surface coverage of 0.3 

– 0.5. At pH 5 where the PDMAEMA polymer chains are highly swollen, the surface coverage 

was < 0.1 for all polymer concentrations, which is consistent with the low surface pressure 

(Figure 4.1). Surface coverage increased from ~ 0.1 to ~ 0.3 with increasing bulk concentration 

at pH 9 where more PDMAEMA star polymers adsorbed with polymer brushes collapsed. It has 

been observed previously that the dilute adsorption layer of anionic surfactant sodium dodecyl 

sulfate (SDS) was sufficient to stabilize foams despite low surface pressure and low surface 

coverage achieved,172 which was attributed to a significant electrostatic repulsion between the 

foam film surfaces. Nevertheless, no foam was produced for PDMAEMA star polymers at pH 5 

even though a high electrostatic repulsion between the film surfaces would be expected. Diblock 

star polymer achieved a surface coverage of 0.1 – 0.4 at pH 5. A significant increase in surface 

coverage when the brushes collapsed at pH 9 due to the absence of electrostatic repulsion 

between diblock star polymers, which allows them to pack densely on the surface. It should be 
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noted that the area fraction surface coverage calculated using equation (3.1)) is in fact very 

sensitive to the size of the star polymers. Since the star polymers are not monodisperse (see 

Table 4.2 for polydispersity) and the equation is based on the simple assumption that star 

polymers exhibit minimal changes in polymer conformation upon adsorption to the interface, the 

value reported here should not be overinterpreted. Yet, the observed qualitative trend suggests 

that the adsorption of the star polymers with weakly polycation blocks are dependent on pH. 

Higher surface coverage is achieved at high pH because of the lack of lateral electrostatic 

repulsion. 

  

Figure 4.7. Apparent area fraction surface coverage calculated from the extent of adsorption and 

sizing data as θ = π Rh
2 Γ for (●) PMEO2MA, (▲) PDMAEMA and (■) diblock star polymers 

adsorption to the air/water interface at (a) pH 5 and (b) pH 9. 
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4.3.4.1 Gibbs elasticity 

 The static dilatational elasticity for star polymers is evaluated using the static surface 

pressure (Figure 4.1) and the surface excess concentration (Figure 4.6) by equation (3.2): 

𝐸𝑑 =
𝑑 𝛾

𝑑 ln𝐴
= −

𝑑 𝜋

𝑑 ln 𝐴
=

𝑑 𝜋

𝑑 ln 𝛤
= −

𝑑 𝜋

𝑑 ln 1/𝛤
 (3.2) 

which gives the equilibrium or Gibbs elasticity for a thermodynamically equilibrated, fully 

insoluble monolayer. Figure 4.8 shows the static surface pressure area isotherm for PMEO2MA, 

PDMAEMA and diblock stars adsorbed at air/water interface at pH 5 and pH 9. The static 

dilatational elasticity is obtained by linear regression of surface pressure area isotherm over the 

concentration range examined here. The analysis indicates a static dilatational modulus of ~ 20 

mN/m for PMEO2MA stars, which is higher than those obtained through small amplitude 

oscillation at higher bulk concentrations (Figure 4.4). The difference in static dilatational 

modulus and dynamic dilatational modulus is probably due to the diffusional interchange of star 

polymers between bulk solution and polymer reconfiguration following the area perturbation. 

Since static dilatational modulus measures the sensitivity of the surface pressure to changes in 

the surface concentration, dynamic dilatational modulus accounts for the polymer relaxation. 

Similar phenomena are observed for PDMAEMA and diblock stars at pH 9 where the static 

dilatational modulus is higher than the measured dynamic dilatational modulus. In contrast, 

PDMAEMA and diblock stars at pH 5 produced static dilatational modulus that is comparable to 

dynamic dilatational modulus. It should be noted that in Figure 4.8 the static dilatational 

modulus is determined by fitting the surface pressure area isotherm with one straight line. 

However, more data points are needed to perform a piecewise calculation of the slope for the 

Gibbs modulus. 
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Figure 4.8. Surface pressure area isotherm for (a, b) PMEO2MA, (c, d) PDMAEMA and (e, f) 

diblock star polymers adsorbed at air/water interface at pH 5 and pH 9. Ellipsometry provided 

the static surface excess concentration for each star concentration at which surface pressures 

were measured in independent experiments. Linear regression for the slope of  vs. ln(1/) 

yields a static dilatational elasticity. 
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4.3.4.2 Solution depletion upon polymer adsorption 

 Polymer adsorption will result in the polymer depletion from the bulk solution and 

therefore affect the kinetics of polymer adsorption. Similar to the discussion in Chapter 3.3.5.2, 

Table 4.5 and Table 4.6 summarize the depletion effect from the bulk solution upon polymer 

adsorption for star polymers in pendent drop experiments at pH 5 and pH 9, respectively. The 

analysis assumes that the pendant drop is spherical and no polymers are added to the system after 

the drop is generated despite the fact that the pendant drop is connected to the bulk reservoir. As 

shown in Table 4.5 and Table 4.6, nearly all of the available PMEO2MA stars are depleted at the 

bulk concentration of 0.0005 wt%. The decrease of bulk concentration leads to a decrease in 

polymer flux to the surface, which is consistent with the slower dynamic surface tension 

reduction at air/water interface (Figure 4.3). At pH 5, almost no PDMAEMA star polymers are 

depleted in the pendant drop. The PDMAEMA star polymer adsorption is inhibited because of 

the strong electrostatic repulsion interactions between the positively charged star polymers. At 

pH 9, the PDMAEMA arms in the stars are neutralized and the lack of electrostatic repulsion 

allows more polymers adsorbed to the interface. Therefore, the depletion effect at pH 9 for 

PDMAEMA stars is more pronounced. Similar to the trend observed for PDMAEMA star 

polymers, more diblock star polymers are depleted at pH 9 than at pH 5 due to higher extent of 

adsorption. 
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Table 4.5. Estimated change in the bulk concentrations upon polymer adsorption for star 

polymers with an 8 μL pendant drop at different bulk concentrations at pH 5. The analysis is 

based on the assumptions of a spherical pendant drop and no polymer diffusion from the bulk 

reservoir to the pendant drop. The surface excess concentrations are obtained via ellipsometry 

using large glass petri dishes. 

Polymer 
Conc. 

(wt%) 

Total 

polymer 

(mg) 

Γ 

(mg/m2) 

Polymer at 

interface 

(mg) 

Polymer at 

interface 

/Initial in bulk 

(%) 

PMEO2MA 

stars 

0.1 0.008 3.05 0.0000591 0.74 

0.05 0.004 2.57 0.0000496 1.24 

0.01 0.0008 2.80 0.0000542 6.78 

0.005 0.0004 2.51 0.0000485 12.13 

0.001 0.00008 1.99 0.0000384 48.01 

0.0005 0.00004 1.97 0.0000381 95.25 

PDMAEMA 

stars 

0.1 0.008 0.34 0.0000067 0.08 

0.05 0.004 0.11 0.0000021 0.05 

0.01 0.0008 0.09 0.0000017 0.22 

0.005 0.0004 0.04 0.0000008 0.21 

0.001 0.00008 0.07 0.0000013 1.66 

0.0005 0.00004 0.03 0.0000006 1.57 

Diblock stars 

0.1 0.008 1.58 0.0000305 0.38 

0.05 0.004 1.44 0.0000279 0.70 

0.01 0.0008 0.79 0.0000153 1.91 

0.005 0.0004 0.50 0.0000098 2.44 

0.001 0.00008 0.48 0.0000093 11.57 

0.0005 0.00004 0.29 0.0000056 13.94 
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Table 4.6. Estimated change in the bulk concentrations upon polymer adsorption for star 

polymers with a 6 μL pendant drop at different bulk concentrations at pH 9. The analysis is 

based on the assumptions of a spherical pendant drop and no polymer diffusion from the bulk 

reservoir to the pendant drop. The surface excess concentrations are obtained via ellipsometry 

using large glass petri dishes. 

Polymer 
Conc. 

(wt%) 

Total 

polymer 

(mg) 

Γ 

(mg/m2) 

Polymer at 

interface 

(mg) 

Polymer at 

interface 

/Initial in bulk 

(%) 

PMEO2MA 

stars 

0.1 0.006 2.89 0.0000461 0.77 

0.05 0.003 2.83 0.0000452 1.51 

0.01 0.0006 2.59 0.0000414 6.89 

0.005 0.0003 2.64 0.0000421 14.04 

0.001 0.00006 2.51 0.0000400 66.72 

0.0005 0.00003 2.09 0.0000334 111.45 

PDMAEMA 

stars 

0.1 0.006 1.24 0.0000198 0.33 

0.05 0.003 1.15 0.0000184 0.61 

0.01 0.0006 0.76 0.0000121 2.02 

0.005 0.0003 0.85 0.0000135 4.51 

0.001 0.00006 0.43 0.0000069 11.54 

0.0005 0.00003 0.46 0.0000074 24.54 

Diblock stars 

0.1 0.006 2.12 0.0000339 0.56 

0.05 0.003 1.70 0.0000271 0.90 

0.01 0.0006 1.40 0.0000223 3.72 

0.005 0.0003 1.24 0.0000197 6.57 

0.001 0.00006 0.89 0.0000142 23.67 

0.0005 0.00003 0.78 0.0000125 41.75 

 

4.4 Interfacial behavior at oil/water interface 

4.4.1 Emulsification efficiency and stability 

 Table 4.7 summarizes the minimum concentration required for star polymers to stabilize 

xylene/water and cyclohexane/water emulsions at pH 5 and pH 9 using a 1:1 oil:water volume 

ratio. These concentrations refer to the star concentrations initially dispersed in the aqueous 

phase. All emulsions were oil-in-water and showed no sign of droplet coalescence for at least a 

week. Some emulsions were stable for more than 2 months and their change in emulsion height 
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is reported in Figure 4.9 – Figure 4.11. The discontinuous oil volume fraction in the emulsion 

was typically ~ 70% and no neat oil phase was observed when the emulsions were first created, 

indicating that 100% of the available oil was dispersed in the emulsion phase. Table 4.7 shows 

that the diblock star polymers are the most efficient emulsifiers among the three stars studied 

here. The concentration required for diblock stars to stabilize an emulsion is the lowest. Stable 

xylene/water and cyclohexane/water emulsions were formed with ~ 0.005 – 0.05 wt% of diblock 

stars, which is comparable to those using multi-arm PEO stars (0.005 wt%)46 and low grafting 

density PDMAEMA-grafted silica nanoparticles (0.05 wt%).19 Surprisingly, the PDMAEMA and 

diblock star polymers became more efficient at stabilizing emulsions at pH 5 than at pH 9. This 

trend is completely opposite from the foaming results (Table 4.4) where no foams was made at 

low pH. It is also observed that lower star polymer concentrations were required to stabilize 

cyclohexane/water emulsions than xylene/water emulsions except for diblock stars at pH 9. 

Similar results were reported previously where an emulsion was created with cyclohexane but 

not with xylene using PDMAEMA-grafted silica nanoparticles at 70 °C with 10 mM NaCl.19 

This is attributed to different polymer conformation when stars adsorbed at the interface with 

different solvent quality of the organic phase. Polymer chains can adopt an extended 

configuration into a good solvent but not into a poor solvent. Xylene and cyclohexane were used 

to represent a good and a poor solvent, respectively, for each of the star polymers studied in this 

work. The difference in emulsifying performance motivates the comparison of different star 

polymers behaviors at xylene/water and cyclohexane/water interfaces. 
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Table 4.7. Minimum concentrations of star polymers to stabilize oil-in-water emulsions 

System pH 
PMEO2MA 

stars (wt%) 

PDMAEMA 

stars 

(wt%) 

Diblock stars 

(wt%) 

Xylene/water 
5 0.05 0.01 0.001 – 0.005 

9 0.05 0.1 0.005 – 0.01 

Cyclohexane/water 
5 0.01 0.005 0.005 

9 0.01 0.1 0.01 – 0.05 

 

 

Figure 4.9. Effect of PMEO2MA star polymer concentration on emulsion stability: (●) 0.1 (■) 

0.05 (♦) 0.01 (▲) 0.005 (*) 0.001 wt%. Changes in height for (a) xylene-in-water and (b) 

cyclohexane-in-water emulsions at different concentrations of PMEO2MA star polymers as a 

function of time. Lines serve to guide the eye. 
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Figure 4.10. Effect of PDMAEMA star polymer concentration on emulsion stability: (●) 0.1 (■) 

0.05 (♦) 0.01 (▲) 0.005 (*) 0.001 wt%. Changes in height for (a) pH 5, xylene-in-water, (b) pH 

9, xylene-in-water, (c) pH 5, cyclohexane-in-water and (d) pH 9, cyclohexane-in-water 

emulsions at different concentrations of PDMAEMA star polymers as a function of time. Lines 

serve to guide the eye. 
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Figure 4.11. Effect of diblock star polymer concentration on emulsion stability: (●) 0.1 (■) 0.05 

(♦) 0.01 (▲) 0.005 (*) 0.001 wt%. Changes in height for (a) pH 5, xylene-in-water, (b) pH 9, 

xylene-in-water, (c) pH 5, cyclohexane-in-water and (d) pH 9, cyclohexane-in-water emulsions 

at different concentrations of diblock star polymers as a function of time. Lines serve to guide 

the eye. 
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4.4.2 Interfacial tension reduction 

 Figure 4.12 shows interfacial pressure isotherms measured by pendant drop tensiometry 

for PMEO2MA stars, PDMAEMA stars and diblock stars adsorbed at xylene/water and 

cyclohexane/water interfaces. The polymers were initially dispersed in water. Interfacial tensions 

for clean xylene/water and cyclohexane/water interfaces were measured to be 37.0 ± 0.2 and 

49.9 ± 0.4 mN/m, respectively, which agree with values reported in the literature.24,156–158 

 

  

Figure 4.12. Interfacial pressure isotherm of (●) PMEO2MA, (▲) PDMAEMA and (■) diblock 

star polymers adsorbed to the xylene/water interface at (a) pH 5 and (b) pH 9, and to the 

cyclohexane/water interface at (c) pH 5 and (d) pH 9. 
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 As seen in Figure 4.12, two interfaces show similar trends, but the measured interfacial 

pressure at the cyclohexane/water interface was consistently several mN/m higher than at the 

xylene/water interfaces. As discussed earlier, different adsorbed polymer conformation is 

expected as the polymer-solvent interactions can affect the chain topology and the polymer 

adsorption energy. Polymer chains can penetrate into the good solvent (xylene) but not the poor 

solvent (cyclohexane). Thus, the difference in interfacial pressure may be associated with the 

difference in adsorption enthalpy with more extended polymer chain configuration reaching to 

the good solvent interface compared to the poor solvent interface. 

 Similar to the trend at the air/water interface, PMEO2MA stars exhibited high affinity 

adsorption to the interface and achieved the greatest interfacial pressures at both xylene/water 

and cyclohexane/water interfaces. The interfacial pressures produced by PMEO2MA stars are 

larger than those reported with multi-arm PEO stars46 and PDMAEMA-grafted silica 

nanoparticles24 at the xylene/water and cyclohexane/water interfaces. Different from the 

observations at the air/water interface that PDMAEMA stars barely lowered the surface tension 

and achieved a low surface coverage at pH 5, PDMAEMA stars produced interfacial pressure of 

5 – 15 mN/m at the xylene/water and 13 – 23 mN/m at the cyclohexane/water interface. This 

reduction in interfacial tension at low pH suggests that PDMAEMA stars were able to adsorb to 

the interface despite being strongly positively charged. At pH 5, interfacial pressure of 

PDMAEMA and diblock stars increased with the bulk concentration and produced comparable 

interfacial pressures except at high bulk concentrations where diblock stars achieved greater 

interfacial pressures than PDMAEMA stars (Figure 4.12a and Figure 4.12c). Again, similar to 

the air/water interface, PDMAEMA and diblock star polymers produced higher interfacial 

pressure at pH 9 than at pH 5. Moreover, these three star polymers reached comparable 
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interfacial pressures at the cyclohexane/water interface at pH 9 (Figure 4.12d). The increase in 

interfacial pressure at high pH is associated with the lack of electrostatic repulsion and the 

collapse of the PDMAEMA chains at high pH, leading to the compact star polymer structure that 

favors more polymer segments penetrating the interface. The effect of electrostatic repulsion 

between swollen polymer chains at low pH on interfacial tension reduction can be seen in the 

dynamic interfacial tension measurements (Figure 4.13 – Figure 4.14) The interfacial tension 

reduced more rapidly at pH 9 than at pH 5 for both PDMAEMA and diblock star polymers, 

indicating that increasing the charge density of the polyelectrolytes reduces its rate of adsorption 

to an uncharged interface. 
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Figure 4.13. Interfacial tension reduction as a function of time for (a) PMEO2MA star polymers 

at pH 5, (b) PMEO2MA star polymers at pH 9 (c) PDMAEMA star polymers at pH 5, (d) 

PDMAEMA star polymers at pH 9, (e) diblock star polymers at pH 5, and (f) diblock star 

polymers at pH 9 adsorbed to the xylene/water interfaces. 
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Figure 4.14. Interfacial tension reduction as a function of time for (a) PMEO2MA star polymers 

at pH 5, (b) PMEO2MA star polymers at pH 9 (c) PDMAEMA star polymers at pH 5, (d) 

PDMAEMA star polymers at pH 9, (e) diblock star polymers at pH 5, and (f) diblock star 

polymers at pH 9 adsorbed to the cyclohexane/water interfaces. 

 

0

10

20

30

40

50

60

0 5000 10000

γ
(m

N
/m

)

Time (s)

(a)
PMEO2MA, pH 5

0

10

20

30

40

50

60

0 5000 10000

γ
(m

N
/m

)

Time (s)

(b)
PMEO2MA, pH 9

0

10

20

30

40

50

60

0 5000 10000

γ
(m

N
/m

)

Time (s)

(c)
PDMAEMA, pH 5

0

10

20

30

40

50

60

0 5000 10000

γ
(m

N
/m

)

Time (s)

(d)
PDMAEMA, pH 9

0

10

20

30

40

50

60

0 5000 10000

γ
(m

N
/m

)

Time (s)

(e)
Diblock, pH 5

0

5

10

15

20

25

30

35

40

45

50

0 2000 4000 6000 8000

γ
(m

N
/m

)

Time (s)

(f)
Diblock, pH 9



109 

 

4.4.3 Dynamic dilatational elasticity 

 The mechanical properties of the oil/water interface were probed by measuring interfacial 

dilatational modulus through three approaches, which are small amplitude oscillation after 

interface relaxation, large amplitude compression after interface relaxation, and small amplitude 

oscillation before interface relaxation. 

4.4.3.1 Small amplitude oscillation after interface relaxation 

 Figure 4.15 presents the magnitude of the complex dynamic dilatational modulus (|E*|) 

of star polymers adsorbed at xylene/water and cyclohexane/water interfaces at pH 5 and pH 9. 

The dilatational modulus was measured after the interface was given enough time to relax and 

the interfacial tension reached a steady value. Similar to air/water interface, the dynamic 

dilatational modulus of PMEO2MA star polymers (circle symbols) decreased with increasing 

bulk concentration. This is again attributed to the high adsorption rate and fast polymer exchange 

rate between the adsorbed and dissolved PMEO2MA star polymers, which allows the interface to 

produce only a small change in degree of interfacial penetration during area oscillation. 

PDMAEMA and diblock star polymers showed complex interfacial behavior at oil/water 

interfaces. At pH 5, positively charged PDMAEMA stars showed a small increase in modulus 

when polymer concentration increased at xylene/water interface but had little dependence on 

polymer concentration at cyclohexane/water interface. The modulus of diblock stars increased 

from |E*| = 6.0 ± 3.2 mN/m at 0.001 wt% to |E*| = 22.6 ± 5.3 mN/m at 0.1 wt% at xylene/water 

interface, whereas the modulus at cyclohexane/water initially increased with polymer 

concentration, reached a maximum |E*| = 35.8 ± 9.3 mN/m at 0.01 wt% and then decreased as 

the concentration increased. This interfacial phenomenon is the result of the combination of 

electrostatic repulsion and the diffusion relaxation. In addition, the concentration at which the 
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maximum occurs depends on the diffusion coefficient and thus the static and dynamic adsorption 

properties of the star polymers.168 At pH 9, the modulus of PDMAEMA stars (triangle symbols) 

first increased and then decreased with polymer concentration, whereas the modulus of diblock 

stars (square symbols) monotonically decreased with polymer concentration at both oil/water 

interfaces. The decrease in modulus at higher star polymer concentration is again attributed to 

the fast diffusion relaxation, which reduces the excess interfacial tension (dγ) after perturbation 

of the interfacial area.  

  

  

Figure 4.15. The magnitude of the complex dynamic dilatational moduli averaged over all 

frequencies for (●) PMEO2MA, (▲) PDMAEMA and (■) diblock star polymers adsorbed to the 

xylene/water interface at (a) pH 5 and (b) pH 9, and to the cyclohexane/water interface at (c) pH 

5 and (d) pH 9. 
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 All star polymer adsorbed layers were nearly purely elastic in the 0.05 to 1 Hz frequency 

range. The storage modulus E’ accounted for more than 90% of the magnitude of the complex 

modulus for adsorbed stars at xylene/water and cyclohexane/water interfaces. Similar to the 

observations at the air/water interface, the modulus showed little dependence on the oscillation 

frequency. 

 Considering that emulsion droplet generation and coalescence involve interfacial 

deformations, the interfacial dilatational response is particularly relevant to emulsifying 

performance. Finite dynamic dilatational modulus has been reported to be the key factor to 

distinguish high emulsifying efficiency of PEO stars from the poor emulsifying performance of 

linear PEO which produced no detectable modulus.46 Prior investigations also correlated the 

dilatational modulus with the ability for adsorbed layer to resist interfacial deformation and 

hinder the thin film drainage,103,107 which retards the rate of droplet coalescence. The results 

show that these three star polymers all produce non-zero moduli at oil/water interface, which 

possibly accounts for their effectiveness at stabilizing emulsions (i.e., the ability to produce 

emulsions). However, no qualitative relationships between dilatational modulus and their 

emulsification performance can be addressed at this point. As presented in Figure 4.15, the 

measured magnitude of the dynamic dilatational modulus for star polymers does not necessarily 

correlate with their emulsifying efficiency (Table 4.7). It has been reported previously that 

PDMAEMA homopolymers achieved a greater dilatational modulus of 14.2 ± 0.5 mN/m than the 

modulus measured for PDMAEMA-grafted silica nanoparticles (10.6 ± 1.0 mN/m) at the 

xylene/water interface,24 yet the linear PDMAEMA was unable to stabilize emulsions with the 

polymer concentration as low as reported with PDMAEMA-grated silica nanoparticles (0.05 

wt% at pH 7.5).19 Additionally, conflicting results were found on the interfacial rheology with 
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the corresponding emulsion properties. Some researchers have reported that the overall emulsion 

lifetime is dominated by the ripening and correlated with the low-frequency surface elasticity,173 

whereas others have shown a correlation between emulsion stability and dilatational elasticity at 

high frequencies but not at low frequencies for moderate surfactant concentrations.174 It is noted 

that dynamic dilatational modulus only probes the corresponding extra stresses of the adsorbed 

layer upon area dilation. If the emulsification efficiency and stability is not solely governed by 

the dilatational stresses, then the measured dilatational modulus is not necessarily a predictor for 

the emulsifying performance. 

4.4.3.2 Large amplitude, slow compression and expansion after interface relaxation 

 To further investigate the behavior of the star polymer adsorbed layer and the effect of 

changing interfacial area on the interfacial mechanics, slow compression and expansion 

experiments of the oil/water interface were performed. Interfacial pressure-area (Π-A) isotherm 

were obtained from large amplitude compression and expansion of star adsorbed layers using 

pendant drop tensiometry. Different from the dynamic dilatational modulus measurements where 

the strain amplitude was typically around 5%, the area change in these compression/expansion 

experiments was > 40%. This allows probing of the interparticle interactions between adsorbed 

species, the compressibility and the adsorption/desorption exchange kinetics in equilibrated 

adsorbed layers. 

 Two distinctive trends of interfacial behavior were observed. Figure 4.16a shows one 

representative data of the interfacial pressure as a function of interfacial area for three 

compression/expansion cycles of a xylene/water interface exposed to 0.001 wt% PMEO2MA star 

polymers at pH 5. Significant hysteresis was observed between the first compression/expansion 
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cycle of the interface followed by two consecutive compression/expansion cycles that traced the 

same interface pressure-interfacial area curve, suggesting that some of the PMEO2MA stars 

either desorbed from the interface or the interparticle interaction was changed (i.e., star polymer 

re-orientation) during the first compression. The quasi-static modulus (dΠ/dlnA) was calculated 

as a function of interfacial pressure and plotted in Figure 4.16b. The monotonic decrease in 

modulus with increasing interfacial pressure (compression of polymer adsorbed layer) suggests 

that the PMEO2MA star polymers were more vulnerable to forced desorption during 

compression. The fact that PMEO2MA star polymer exhibited a small but finite modulus during 

compression shows that they did retain some ability to resist ejection, or else the modulus would 

have been zero during compression if ejection held the interfacial pressure constant. Another 

representative interfacial pressure-area behavior is observed at xylene/water interface with 0.001 

wt% diblock star polymers at pH 5. Figure 4.16c shows that as the interface was compressed, 

the interfacial area decreased and the interfacial pressure slightly increased, until a critical area 

was reached, below which the interface pressure increased rapidly. Again, the strongest 

hysteresis was observed between the first compression/compression cycle, indicating that the 

timescales for star polymer re-adsorption or relaxation after the first compression is greater than 

the timescale of the interfacial dilation. As Figure 4.16d illustrated, diblock star polymers at the 

xylene/water interface at pH 5 shows the trend of increasing modulus with increasing interfacial 

pressure. This suggests that the diblock star polymers were resistant to being ejected from the 

interface during compression. The increasing modulus has been noted previously for multi-arm 

PEO star polymers46 (Figure 3.14) and is attributed to the compressibility of the polymer 

brushes150 to the neighboring stars during polymer crowding. 
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Figure 4.16. Interfacial pressure as a function of interfacial area for three compression/expansion 

cycles of a xylene/water interface exposed to 0.001 wt% (a) PMEO2MA star polymers and (c) 

diblock star polymers with 1 mM NaCl at pH 5. Dependence of calculated quasi-static moduli on 

interfacial pressure at the xylene/water interface for 0.001 wt% (b) PMEO2MA star polymers and 

(d) diblock star polymers with 1 mM NaCl at pH 5. Symbols: (□) first, (∆) second and (○) third 

cycles of large amplitude compression/expansion experiments. 
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decreasing modulus with increasing interfacial pressure at the xylene/water and 

cyclohexane/water interface, indicating that polymers are more vulnerable to desorption during 

interfacial compression. PDMAEMA and diblock star polymers showed a trend of increasing 

dilatational modulus with increasing interfacial pressure at pH 5, suggesting that these two star 

polymers remained pinned at the interface and had a higher resistance to ejection during 

interfacial compression. In contrast, the modulus decreased with increasing interfacial pressure 

for both PDMAEMA and diblock star polymers at high pH, indicating star polymers exhibit a 

transition from irreversible adsorption to partially reversible adsorption at the oil/water interface 

when pH increases from 5 to 9. It is noted that the quasi-static moduli increase with increasing 

interfacial pressures and are consistent with dynamic dilatational moduli obtained from small 

amplitude oscillations at low surface pressures. Moreover, the observed trend of quasi-static 

moduli is correlated with their emulsifying performance (Table 4.7). That is, star polymers that 

are irreversibly adsorbed at the interface and are able to resist ejection upon forced adsorbed 

layer compression show better emulsifying efficiency, whereas star polymers that are more 

vulnerable to forced desorption have less emulsifying efficiency (i.e., they require higher 

concentrations to stabilize emulsions). This qualitatively distinctive behavior between the star 

polymers with various structures may be important for distinguishing the emulsifying 

performance of emulsifiers and related to the emulsion stability. Ostwald ripening and 

coalescence of emulsion droplets involve decreasing of the interfacial area that leads to 

compression of the interface. Therefore, ejection of adsorbed emulsifiers under compression 

might be a mechanism for emulsion failure. 
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Table 4.8. Interfacial pressure – interfacial area isotherms for various star polymer at the 

xylene/water interface with 0.001 wt% aqueous concentration 

Star polymer 
Xylene/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.9. Interfacial pressure – interfacial area isotherms for various star polymer at the 

cyclohexane/water interface with 0.001 wt% aqueous concentration 

Star polymer 
Cyclohexane/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.10. Dependence of calculated quasi-static moduli on interfacial pressure for 0.001 wt% 

star polymers with 1 mM NaCl at the xylene/water interface 

Star polymer 
Xylene/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.11. Dependence of calculated quasi-static moduli on interfacial pressure for 0.001 wt% 

star polymers with 1 mM NaCl at the cylcohexane/water interface 

Star polymer 
Cyclohexane/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.12. The trends of quasi-static modulus with increasing interfacial pressure during 

compression of the adsorbed layer for all three star polymers at xylene/water and 

cyclohexane/water interface with 0.001 wt% aqueous concentration at pH 5 and pH 9, 1 mM 

NaCl 

System pH 
PMEO2MA 

stars 

PDMAEMA 

stars 
Diblock stars 

Xylene/water 
5 Decreasing Increasing Increasing 

9 Decreasing Decreasing Decreasing 

Cyclohexane/water 
5 Decreasing 

Slightly 

Increasing 
Increasing 

9 Decreasing Decreasing Decreasing 

 

 The large amplitude compression results presented thus far were obtained for star 

polymer concentration of 0.001 wt%. To study the concentration effect on the structure of the 

adsorbed layer and the interparticle interactions, we performed large amplitude, slow 

compression and expansion at oil/water interface with 0.1 wt% star polymer concentrations. 

From the dynamic interfacial tension reduction results, further increasing the bulk concentration 

results in faster adsorption of star polymer to the interface, which may change the polymer 

packing and thus influence the interfacial behavior. The interfacial pressure – interfacial area (Π-

A) isotherms and the calculated quasi-static moduli with respect to interfacial pressure are 

plotted in Table 4.13 – Table 4.16 and summarized in Table 4.17. Two trends were observed: 

(1) a decreasing modulus with increasing interfacial pressure, and (2) the interfacial pressure 

barely changes during interfacial compression and expansion and the modulus remains small 

(denoted as N/A in Table 4.17). At pH 5, the modulus of the PDMAEMA and diblock stars 

showed a decrease with increasing interfacial pressure at star concentration of 0.1 wt%, whereas 

the modulus showed an increase with interfacial pressure at a low bulk concentration of 0.001 

wt% (Table 4.12). This suggests that the increase of the bulk concentration crowded the 

interface and part of star polymers were ejected from the interface during compression. At pH 9, 
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all three star polymers produced small moduli and the interfacial pressure only slightly increased 

during compression. This indicates that the interface was nearly saturated with star polymers. 

During area perturbation, the degree of interfacial penetration was quickly adjusted by the 

exchange of adsorbed and dissolved star polymers, and the re-orientation of adsorbed star 

polymers. This renders the interface with a nearly constant interfacial tension and therefore a 

small modulus. Combining the results in Table 4.12 and Table 4.17, it was suggested that 

increasing the bulk concentration leads to a higher amount of star polymer adsorption at the 

interface, and the high degree of crowding at the interface forced star polymer to desorb from the 

interface upon area oscillation. Furthermore, a prior investigation has shown that a correlation 

exists between the foam stability and the “effective” surface elasticity, which takes into account 

of the actual surface concentration, diffusion coefficient, and the frequency of the external 

disturbances which initiate the rupture of the foam films.170 We hypothesize that the similar 

correlation can be made for emulsion stability. That is, emulsification efficiency and stability is 

not only related to the ability of emulsifiers to resist the ejection during interfacial compression 

but also to the packing of emulsifiers at the interface. 
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Table 4.13. Interfacial pressure – interfacial area isotherms for various star polymer at the 

xylene/water interface with 0.1 wt% aqueous concentration 

Star polymer 
Xylene/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.14. Interfacial pressure – interfacial area isotherms for various star polymer at the 

cyclohexane/water interface with 0.1 wt% aqueous concentration 

Star polymer 
Cyclohexane/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 

  

 

 

40

41

42

43

44

45

46

47

48

0 0.5 1 1.5

π
(m

N
/m

)

A/A0

38

39

40

41

42

43

44

45

46

47

48

0 0.5 1 1.5

π
(m

N
/m

)

A/A0

0

5

10

15

20

25

30

35

0 0.5 1 1.5

π
(m

N
/m

)

A/A0

30

32

34

36

38

40

42

44

0 0.5 1 1.5

π
(m

N
/m

)

A/A0

35

37

39

41

43

45

47

49

0 0.5 1 1.5

π
(m

N
/m

)

A/A0

35

37

39

41

43

45

47

0 0.5 1 1.5

π
(m

N
/m

)

A/A0



124 

 

Table 4.15. Dependence of calculated quasi-static moduli on interfacial pressure for 0.1 wt% star 

polymers with 1 mM NaCl at the xylene/water interface 

Star polymer 
Xylene/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.16. Dependence of calculated quasi-static moduli on interfacial pressure for 0.1 wt% star 

polymers with 1 mM NaCl at the cylcohexane/water interface 

Star polymer 
Cyclohexane/water 

pH 5 pH 9 

PMEO2MA stars 

  

PDMAEMA stars 

  

Diblock stars 
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Table 4.17. The trends of quasi-static modulus with increasing interfacial pressure during 

compression of the adsorbed layer for all three star polymers at xylene/water and 

cyclohexane/water interface with 0.1 wt% aqueous concentration at pH 5 and pH 9, 1 mM NaCl 

System pH 
PMEO2MA 

stars 

PDMAEMA 

stars 
Diblock stars 

Xylene/water 
5 Decreasing Decreasing Decreasing 

9 N/A N/A N/A 

Cyclohexane/water 
5 N/A Decreasing Decreasing 

9 N/A N/A N/A 

 

4.4.3.3 Dilatational modulus versus interfacial pressure 

 It could be supposed the interfacial pressure and dilatational elasticity depends on the 

history of the formation of adsorbed layers. If the characteristic timescale for adsorbed layer to 

relax and establish a local equilibrium is comparable to the timescale of the interfacial 

perturbation, all the interfacial properties can be well described by the dependence on the 

interfacial pressure. The mechanics of a star polymer adsorbed layer at shorter time were probed 

using pendant drop tensiometry through applying small amplitude oscillations to the drop as 

soon as it was generated, and the corresponding dilatational modulus was measured over time 

before the relaxation of the adsorbed layer. Once the interfacial tension reached an “equilibrium” 

value during oscillation, the drop was slightly compressed to increase the interfacial pressure and 

the corresponding dilatational modulus at smaller volume was measured through small amplitude 

oscillations. 

 Figure 4.17 shows the measured dynamic dilatational modulus as a function of 

interfacial pressure at the xylene/water and cyclohexane/water interface exposed to 0.001 wt% 

PMEO2MA star polymer aqueous concentration during adsorption. At very short times when the 

interfacial pressure was less than 10 mN/m, the dilatational modulus (ε) at xylene/water interface 
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(Figure 4.17a) steadily increased with increasing interfacial pressure (Π) and followed the ε = 2 

Π relation, which has also been observed previously.175,176 The modulus kept increasing as more 

star polymers adsorbed to the interface and achieved a maximum of 26 mN/m at π ~ 17 mN/m 

and then decreased with further increases of interfacial pressure, which is attributed to the fast 

diffusional relaxation.175 The dependence of dilatational modulus on interfacial pressure at 

cyclohexane/water showed a similar trend to the xylene/water interface. The modulus increased 

as more PMEO2MA star polymers adsorbed at the interface until a critical interfacial pressure 

was reached, above which the modulus decreased with increasing interfacial pressure. It is worth 

mentioning that the interface was primarily elastic and the loss modulus (E’) was insignificant. 

 

Figure 4.17. Dynamic dilatational modulus as a function of interfacial pressure at the (a) 

xylene/water and (b) cyclohexane/water interface exposed to 0.001 wt% PMEO2MA star 

polymer aqueous concentration. Experiments were repeated at least two times and the results 

were consistent. 

 

 Figure 4.18 shows the measured dynamic dilatational modulus as a function of 

interfacial pressure at the xylene/water and cyclohexane/water interface during PDMAEMA star 

polymer adsorption. At pH 5, the modulus increased with increasing interfacial pressure and 
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achieved a modulus ~ 20 mN/m at interfacial pressure Π = 20 mN/m for 0.001 wt% PDMAEMA 

star polymer concentration (square symbols) at both xylene/water and cyclohexane/water 

interface. Further compression of the interface only slightly increased the interfacial pressure and 

dilatational modulus. The concentration of PDMAEMA star polymers was then increased to 0.1 

wt% (triangle symbols) to probe the concentration effects on the interfacial behavior. At the 

xylene/water interface, the moduli measured at 0.1 wt% and 0.001 wt% star polymers were 

found to approximately coincide with a single curve. Furthermore, the fact that we did not 

observe a modulus that reached a maximum and decreased with increasing interfacial pressure at 

the xylene/water interface is possibly attributed to the low adsorption of PDMAEMA star 

polymers to the interface at low pH due to their strong electrostatic repulsions. The modulus 

obtained at cyclohexane/water interface with 0.1 wt% PDMAEMA star polymer at pH 5 shows a 

different behavior from the low concentration. The curves overlapped at low interfacial pressures 

but diverged into separate branches at high interfacial pressures. The modulus of 0.1 wt% 

PDMAEMA star polymers (triangle symbols) achieved ~ 40 mN/m at interfacial pressure of 38 

mN/m. In contrast, the modulus of PDMAEMA star polymers at high pH show a qualitatively 

similar behavior as observed with PMEO2MA star polymers (Figure 4.17). The parabolic shape 

of the modulus with respect to interfacial pressure suggests that an increase in surface 

concentration (and therefore the interfacial tension) has two different effects on dilatational 

modulus. First, an increase in surface concentration leads to a higher interfacial gradient 

corresponding to the same degree of interfacial deformation, resulting in higher dilatational 

modulus. Second, as more star polymers adsorbed to the interface, further increases in the 

surface concentration enhanced the polymer exchange between bulk and interface. The layer of 

adsorbed star polymers becomes more soluble at higher interfacial pressures and faster diffusion 
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relaxation leads to a decrease in dilatational modulus. The different interfacial behavior with 

increasing pH is also consistent with a greater extent of PDMAEMA star polymer adsorption due 

to the lack of electrostatic repulsions. 

 

Figure 4.18. Dynamic dilatational modulus as a function of interfacial of (□) 0.001 wt% and (∆) 

0.1 wt% PDMAEMA star polymer adsorbed to the xylene/water interface at (a) pH 5 and (b) pH 

9, and to the cyclohexane/water interface at (c) pH 5 and (d) pH 9. 

 

 Figure 4.19 shows the measured dynamic dilatational modulus as a function of 

interfacial pressure at the xylene/water and cyclohexane/water interface during diblock star 

polymer adsorption. Similar trends were observed for both xylene/water and cyclohexane/water 
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interfaces. Increase the bulk star polymer concentration from 0.01 wt% (diamond symbols) to 0.1 

wt% (triangle symbols) at pH 5 further increased the dilatational modulus at low and 

intermediate interfacial pressures. The modulus reached a maximum of 24 mN/m at xylene/water 

and 29 mN/m at cyclohexane/water interface and then decreased with increasing interfacial 

pressure. This suggests that interfacial properties depend on the formation history of the diblock 

star polymer adsorbed layer and cannot be solely described by interfacial pressure. At higher 

bulk concentrations, the faster diffusion of star polymers from the bulk to the interface can result 

in different packing density at the interface, which leads to different interparticle interactions and 

thus a different modulus. This is evident in Figure 4.19, where at pH 5, a higher modulus was 

obtained at a higher concentration at a fixed interfacial pressure. At pH 9, the modulus increased 

with increasing interfacial pressure at 0.001 wt% diblock star polymers (square symbols). 

Further compression of the interface only slightly increased the interfacial pressure and 

dilatational modulus. However, the modulus decreased with increasing interfacial pressure at 

0.01 wt% diblock star polymers (diamond symbols). This is again consistent with a higher 

surface concentration of star polymers which allows fast interface relaxation during area 

perturbation. 
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Figure 4.19. Dynamic dilatational modulus as a function of interfacial of (□) 0.001 wt%, (◊) 

0.01 wt% and (∆) 0.1 wt% diblock star polymer adsorbed to the xylene/water interface at (a) pH 

5 and (b) pH 9, to the cyclohexane/water interface at (c) pH 5 and (d) pH 9. 
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onto a parabolic master curve for both systems, indicating that the interface properties of the 

adsorbed layer are mainly described by the interfacial pressures. If there is no exchange between 

adsorbed and bulk species or, moreover, the interfacial tension adjusts instantaneously to the 

equilibrium value within the timescale of perturbation, the interface is purely elastic and the 

dilatational modulus can be determined by the dependence of interfacial pressure.177 This 

dependence of modulus on the interfacial pressure is possibly attributed to the high exchange of 

PMEO2MA star polymers between interface and bulk solution, and fast configuration 

rearrangement of adsorbed star polymers to an equilibrium state. The observation that 

dilatational modulus depends only on the interfacial pressure regardless of the adsorption times 

or bulk concentrations has been reported previously with synthetic surfactants adsorbed at 

air/water interface.178  

 

Figure 4.20. Dilatational modulus as a function of interfacial pressure for PMEO2MA star 

polymers at the (a) xylene/water and (b) cyclohexane/water interface obtained from (●) small 

amplitude oscillation after interface reached equilibrium, (□) large amplitude 

compression/expansion and (■, ▲) small amplitude oscillation before the interface reached 

equilibrium. 
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 The dilatational moduli obtained from different methods for PDMAEMA and diblock 

star polymers at different conditions as a function of interfacial pressure are plotted in Figure 

4.21 and Figure 4.22, respectively. Different from the observations with PMEO2MA star 

polymers, the measured dilatational modulus depends on the route to form the adsorbed layer. 

The modulus obtained from different methods does not converge to a single curve and the 

discrepancy is more pronounced at low pH when the star polymers are positively charged. This 

behavior indicates that the modulus is not solely described by the interfacial pressure but highly 

depends on the structure of the adsorbed layer, which is affected by the interactions between 

polymers, bulk concentrations, and the relaxation of polymer in the interfacial layer. Studies 

have shown that increasing the bulk concentration decreased the dilatational modulus at higher 

interfacial tension but had no effect at lower interfacial tension. This was attributed to the faster 

diffusion relaxation of polymer at higher bulk concentrations.178 We hypothesize that the 

scattered behavior measured at pH 5 for PDMAEMA and diblock star polymers is due to the 

highly charged nature of the polymer. The formation of the adsorbed layer that experiences 

electrostatic repulsions is sensitive to the adsorption time and the bulk concentration. The 

interactions and relaxation process of polymer can also be affected by the way the interface is 

perturbed, which leads to a complex interfacial behavior. At pH 9 when the polymer arms are 

collapsed, the dilatational moduli obtained from different methods are less scattered and almost 

coincide at cyclohexane/water interface (Figure 4.21d and Figure 4.22d). This could be 

attributed to the lack of electrostatic repulsion between adsorbed and bulk star polymers, which 

enhances the diffusion exchange upon interface perturbation and enables interfacial tension to 

quickly adjust to equilibrium value. 
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Figure 4.21. Dilatational modulus as a function of interfacial pressure obtained from (●) small 

amplitude oscillation after interface reached equilibrium, (□, ∆) large amplitude 

compression/expansion and (■, ▲) small amplitude oscillation before interface reached 

equilibrium for PDMAEMA star polymers adsorbed to the xylene/water interface at (a) pH 5 and 

(b) pH 9, and cyclohexane/water interface at (c) pH 5 and (d) pH 9. 
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Figure 4.22. Dilatational modulus as a function of interfacial pressure obtained from (●) small 

amplitude oscillation after interface reached equilibrium, (□, ∆) large amplitude 

compression/expansion and (■, ▲) small amplitude oscillation before interface reached 

equilibrium for diblock star polymers adsorbed to the xylene/water interface at (a) pH 5 and (b) 

pH 9, and cyclohexane/water interface at (c) pH 5 and (d) pH 9. 
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to resist ejection from the interface during forced interfacial compression could be important, no 

obvious trend was observed in the dilatational modulus with the emulsification performance of 

star polymers. This suggests that the dynamic dilatational modulus may not solely be a predictor 

for the emulsification performance. The mechanisms governing the emulsifying efficiency and 

stability are still not clearly understood, and further research is needed in this area. 

4.5 Conclusions 

 Several fundamental interfacial activity characteristics have been investigated for three β-

cyclodextrin core star polymers with the same architecture but with polymer arms of different 

chemical compositions. Non-ionic PMEO2MA star polymers have an average size of 7 nm, 

whereas PDMAEMA and diblock star polymers demonstrate size and charge that are responsive 

to pH change. Interfacial tensiometry, dynamic dilatational elasticity and ellipsometry 

measurements indicate that adsorption characteristics of star polymers are affected by the degree 

of ionization, the chemical position of the polymer chains, and the interactions between star 

polymers. Similar differences in the interfacial behavior are observed at the air/water interface, 

the xylene/water interface that represents a good solvent/good solvent interface, and the 

cyclohexane/water interface that represents a poor solvent/good solvent interface. 

 The high affinity of PMEO2MA star polymers for the interface leads to significantly 

larger interfacial pressures and greater extent of adsorption than PDMAEMA and diblock star 

polymers. Qualitative differences in electrostatic adsorption behavior exist for PDMAEMA and 

diblock star polymers at different pHs. Whereas adsorption of PDMAEMA and diblock star 

polymers is inhibited at low pH when the star polymers are positively charged and experience 

strong electrostatic repulsion, a significant amount of PDMAEMA and diblock star polymers can 
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adsorb at high pH due to the collapse of polymers arms which allows more polymer segment 

penetration. The adsorption and surface coverage of star polymers adsorbed at air/water interface 

are quantitatively characterized by ellipsometry. More extensive adsorption of PDMAEMA and 

diblock star polymers at high pH rather than at low pH suggests that the lack of lateral 

electrostatic repulsion favors denser packing on the interface. 

 Dynamic dilatational modulus is affected by the concentration, the exchange dynamic 

between adsorbed and bulk species, and the interactions between star polymers. At lower 

concentrations, the dilatational modulus is dominated by the intermolecular interactions at the 

interface, which results in the increasing dilatational modulus with increasing bulk concentration. 

At higher concentrations, the dilatational modulus is controlled by diffusion, which leads to the 

decrease in dilatational modulus with increasing bulk concentration. The measured dilatational 

modulus ran through a maximum with increasing interfacial pressure which strongly support the 

mechanism described above. The dilatational modulus obtained from large amplitude interface 

compression and expansion probed the vulnerability of star polymers to ejection during 

compression. The results suggest that at low bulk concentration, PDMAEMA and diblock star 

polymers are able to resist forced desorption at low pH more than at high pH, whereas 

PMEO2MA star polymers desorb from the oil/water interface upon compression. At high bulk 

concentrations, star polymers are ejected from the interface upon area perturbation induced by 

polymer crowding at the interface. Furthermore, the mechanical properties of interfaces depend 

on the formation and deformation history of the star polymer adsorbed layer, and thus cannot be 

independently described by interfacial pressures. 
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 PMEO2MA star polymers were more effective at stabilizing foams compared to the other 

two star polymers at various conditions. Diblock star polymers were shown to be the most 

efficient emulsifiers at pH 5; they are able to stabilize emulsions at a concentration of 0.005 

wt%. We have not observed a linear correlation between interfacial characteristics with the 

foaming and emulsifying efficiency of star polymers. Our results suggest that the stability of an 

emulsion is sensitive to the trend of the dilatational modulus with increasing interfacial 

pressures. However, dynamic dilatational modulus may not solely be a predictor for the foaming 

and emulsifying performance. Further research is needed to clarify the mechanism of 

emulsification (and foaming). 
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5 Nanoemulsion formation by spontaneous emulsification with star 

polymers 

5.1 Introduction 

 The emulsifier plays an important part in the formation and stability of a nanoemulsion. 

Previous studies have shown that the properties of nanoemulsions produced by spontaneous 

emulsification depends on the types of emulsifiers.37,179,180 The choice of emulsifiers is often 

limited by commercial availability. Using synthetic polymers as emulsifiers can be advantageous 

and has more flexibility with size, responsiveness to stimuli and topology. In addition, the 

viscoelastic properties of nanoemulsions can be varied by changing the composition and 

structure of the polymeric surfactants,181 which could be used to engineer new applications. 

 Stable xylene-in-water nanoemulsions were produced by spontaneous emulsification with 

the presence of 14-arm poly(di(ethylene glycol) methyl ether methacrylate) (PMEO2MA) star 

polymers in water. These nanoemulsions are extremely stable against flocculation, creaming and 

Ostwald ripening. The enhanced long term stability and high optical transparency of 

nanoemulsions, consisting of droplets with size on the order of 100 nm, are beneficial for 

applications such as drug delivery, food and cosmetic industries. Therefore, understanding the 

factors that determine the droplet size when well-defined emulsion properties are needed is 

desired. This chapter investigates the effect of temperature and composition on the size of 

nanoemulsion droplets. Cooling increases the nanoemulsion droplet size whereas heating has no 

effect on the droplet size. Dynamic light scattering measurements indicate that increasing the 

water volume fraction and the polymer concentration increases the droplet size. PMEO2MA star 

polymers are also able to stabilize macroemulsions produced by high shear homogenization. 

These macroemulsions are allowed to break, yielding a new emulsion phase that is similar to 
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nanoemulsion produced by quiescent emulsification. Spontaneously formed nanoemulsions are 

found to be path dependent that the initial location of the star polymers is important. 

Spontaneous emulsification happens only when PMEO2MA are initially dispersed in water, not 

when dispersed in xylene. 

5.2 Emulsion preparation methods 

5.2.1 Nanoemulsions prepared by quiescent conditions 

 Nanoemulsions were prepared in 2.4 cm diameter scintillation glass vials. Xylene was 

gently poured onto the PMEO2MA star polymer solutions and the Triton X-100 solutions with 

minimal disturbance. Unless otherwise specified, PMEO2MA star polymers and Triton X-100 

were dispersed in water. Samples were then left under quiescent conditions for visual 

inspections. Spontaneous emulsification of xylene-in-water droplets was observed with a 

translucent region diffusing from the xylene/water interface towards the bottom of the glass vial, 

leading to a stable nanoemulsion as shown in Figure 5.1. The concentration of Triton X-100 was 

0.1 wt% and the concentration of PMEO2MA star polymers was varied from 0.01 to 0.01 wt% 

with the water volume fraction from 0.1 to 0.9. Note the concentrations described in this work 

only consider the concentration of the water phase unless stated otherwise. The nanoemulsion 

droplet size distribution was measured by dynamic light scattering with a Zetasizer Nano ZSP 

(Malvern Instruments). Light scattering was monitored at an angle of 173° using a laser beam 

with a wavelength at 633 nm. 

The samples were subjected to temperature excursions after the nanoemulsions were 

spontaneously formed. One set of nanoemulsion samples were first cooled to 4 °C by placing 

them in a temperature-controlled room for a long period of time to ensure the samples had 
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reached stable states. The samples were then taken out of the cold room and stored at room 

temperature. Another set of nanoemulsion samples were first heated to 45 °C in an oven and 

brought back to room temperature. The effect of cooling, heating and retuning to room 

temperature on nanoemulsion stability was investigated by measuring the variation of droplet 

size distribution with time of storage at different temperatures. All size measurements were done 

in duplicates and the average results were reported. 

5.2.2 Macroemulsions prepared by high shear homogenization 

 Macroemulsions with varied water volume fractions were made using a sawtooth 

homogenizer (Biospec Tissue Tearor 985370-395) at 1.65 Watts for one minute. Unless 

otherwise specified, polymers were dispersed in water before emulsification. These 

macroemulsions were then left to rest and allowed micron-sized emulsion droplets to break at 

room temperature with minimal perturbation. Breakage did not produce macroscopic phase 

separation into two bulk phases; instead it yielded a new emulsion phase that was translucent. 

Droplet size distributions were measured using dynamic light scattering for the new emulsion 

phase after macroemulsion breakage. 

5.3 PMEO2MA star-stabilized nanoemulsions 

 Stable xylene-in-water nanoemulsions were formed via spontaneous emulsification when 

PMEO2MA star polymers were initially dispersed in water and brought into contact with pure 

xylene with minimal disturbance, as shown in Figure 5.1. The aqueous phase (bottom phase) 

became translucent after 3 hours, whereas initially both phases were transparent. The first sign of 

spontaneous emulsification appeared about an hour after contact with the xylene phase in the 

form of a translucent region with a boundary at a distance of 1 to 2 mm below the interface. The 
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boundary became more evident and a milky white layer of emulsion began to expand downwards 

until it reached the bottom of the aqueous phase. The emulsification continued for at least one or 

two days as the turbidity of the bottom phase increased until the emulsion phase was opaque. 

The opaque production observed here is not the result of polymer phase separation. PMEO2MA 

star dispersions in water that were not in contact with xylene remained transparent, and pre-

saturation of water with xylene did not lead to a PMEO2MA star dispersion becoming opaque. In 

addition, the bottom phase turned back to transparent if the top phase (xylene phase) completely 

evaporated. Spontaneous water-in-xylene emulsification when multi-arm poly(ethylene oxide) 

(PEO) star polymers are initially dispersed in xylene was previously reported.46 Unlike the 

unstable emulsion that the PEO star polymer produced,46 the PMEO2MA star-stabilized xylene-

in-water emulsions were highly stable for over 10 months. We note that these emulsions were 

still stable at the time of this writing. PMEO2MA star polymers was varied from 0.01 to 0.1 wt% 

and the turbidity is more pronounced for higher star concentration. The water volume fraction 

was varied from 0.1 to 0.9 and no phase inversion composition has yet been identified. 

             

Figure 5.1. Stable xylene-in-water nanoemulsion were spontaneously produced with 0.1 wt% 

PMEO2MA star polymers initially dispersed in aqueous phase (bottom phase) at time = (a) 

initial, (b) 1 hour, (c) 3 hours, (d) 24 hours, (e) 2 days, (f) 7 days and (g) 219 days after xylene 

and aqueous phase were brought into contact and left under quiescent conditions. 

 

(a) (b) (c) (d) (e) (f) (g) 
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 The presence of PMEO2MA star polymers at xylene/water interface is critical in 

spontaneous emulsification. The polymer adsorption reduces the interfacial tension and causes 

interfacial fluctuations. The interfacial tension of xylene and 0.1 wt% PMEO2MA star polymers 

solution reached 6 mN/m within 15 mins (Figure 5.2). Local interfacial tension gradient drives a 

Marangoni flow that draws the xylene downward into budding droplets, which are stabilized by 

PMEO2MA star polymers. Figure 5.3 shows the droplet size distribution of the emulsion phase 

produced under quiescent method at room temperature. The intensity mean droplet size was 

bimodal with two peaks around 36 ± 2.8 nm (7.5%) and 233 ± 14 nm (92.5%) at 8 days after 

sample preparation. At 308 days, the mean droplet size increased to a single peak at 350 ± 26 

nm. Because of the small size of nanoemulsions, Ostwald ripening is the main destabilization 

mechanism.44,182 As shown in Figure 5.3, the disappearance of the smaller droplet size and the 

slightly increase of the larger droplet size over the course of 10 months indicates that the 

nanoemulsions underwent Ostwald ripening at an extremely slow rate. 

 

Figure 5.2. Interfacial tension reduction as a function of time for 0.1 wt% of PMEO2MA star 

polymers at xylene/water interface. Interfacial tension dropped to 6 mN/m within 15 mins. 
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Figure 5.3. Droplet size distribution of xylene-in-water nanoemulsion at 8 days (○) and 308 days 

(□) after xylene and 0.1 wt% PMEO2MA star polymer solution were brought into contact and 

left under quiescent conditions at room temperature. 

 

5.4 Factors affecting nanoemulsion droplet size 

5.4.1 Effect of temperature on nanoemulsion droplet size 

 One parameter that could influence the droplet size distribution is temperature since 

PMEO2MA star polymers exhibit a lower critical solution temperature (LCST) at 29 °C in water. 

To study the influence of temperature on the size of existing nanoemulsion droplets, the 

nanoemulsion samples were subjected to temperature excursions. Two sets of nanoemulsion 

samples with concentration varied from 0.01 wt% to 0.1 wt% and water fraction from 0.1 to 0.9 

were prepared via spontaneous emulsification under quiescent conditions. The first set of 

samples were cooled to 4 °C followed by slowly increasing the temperature back to room 

temperature. The second set of samples were heated to 45 °C and then were brought back to the 

room temperature. Droplet size measurements were made to probe any thermally-induced 

effects. 
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5.4.1.1 Cooling 

 Figure 5.4 shows that spontaneously formed xylene-in-water naoemulsions using 0.1 

wt% PMEO2MA star polymer and 50% water volume fraction had a mean droplet hydrodynamic 

diameter at ~ 150 nm. The mean droplet diameter remain unchanged for 35 days, indicating that 

the nanoemulsion was extremely stable. After storing the nanoemulsion sample at 4 °C for 22 

days, the mean droplet size increased to ~ 500 nm with a peak at smaller droplet size (~ 95 nm). 

This suggests that the increase in temperature induces the coalescence and coarsening of the 

droplets. Interestingly, upon heating the nanoemulsion back to room temperature, the droplet size 

decreased and the size distributions became bimodal, with a population of droplets with 

diameters ~ 50 nm and a population ~ 300 nm. The re-formation of the smaller droplets indicates 

evidence of partial conversion of large droplets to small droplets, which shows the opposite 

direction of Ostwald ripening. The nanoemulsion was then allowed to relax at room temperature 

and the droplet size distribution barely changed and remained bimodal even after 3 months. 
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Figure 5.4. Effect of cooling to 4 °C and heating back to temperature on nanoemulsion droplet 

size distribution. Nanoemulsions was prepared by spontaneous emulsification using water 

fraction = 50% and PMEO2MA star polymer concentration = 0.1 wt% at ambient temperature 

and left to rest for 35 days before cooled to 4 °C. After storing at 4 °C for 43 days, the 

nanoemulsion was brought back to room temperature. Size distribution was measured throughout 

the experiment to probe any temperature-induced effects. 
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5.4.1.2 Heating 

 Figure 5.5 shows that heating has little effect on the droplet size distributions of 

nanoemulsions with 0.1 wt% PMEO2MA star polymer and 50% water volume fraction. The 

mean droplet size remained unchanged when temperature was elevated to 45 °C, which is above 

the LCST of PMEO2MA star polymer (29 °C). Furthermore, the nanoemulsion phase showed no 

change in visual appearance as temperature increased. This suggests that the collapse of 

polymers which already adsorbed at the droplet interface impede droplet flocculation and 

coalescence. Upon cooling back to room temperature, the droplet size distribution stayed almost 

the same and no appearance change was observed. 

 

Figure 5.5. Effect of heating to 45 °C and cooling back to temperature on nanoemulsion droplet 

size distribution. Nanoemulsion was prepared by spontaneous emulsification using water fraction 

= 50% and PMEO2MA star polymer concentration = 0.1 wt% at ambient temperature and left to 

rest for 15 days before cooling to 45 °C. After storing at 45 °C for 4 days, the nanoemulsion was 

brought back to room temperature. Size distribution was measured throughout the experiment to 

probe any temperature-induced effects. 
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5.4.2 Effect of polymer concentration on nanoemulsion droplet size 

 We examined the influence of PMEO2MA star polymer concentration on the size of the 

droplets formed in nanoemulsions produced by spontaneous emulsification. The water volume 

fraction was fixed at 50% and the polymer concentration was varied from 0.01 wt% to 0.1 wt%. 

The emulsion with 0.01 wt% star polymer concentration produced a mean droplet diameter 

around 100 nm indicates that nanoemulsions can be formed by spontaneous emulsification at 

extremely low star polymer concentration, which could potentially be useful in some commercial 

applications. Interestingly, the mean droplet diameter slightly increases (from 100 to 130 nm) 

when we increase the star polymer concentration from 0.01 wt% to 0.1 wt% (Figure 5.6). This 

trend is opposite to some of the previous studies where they have reported an increase in the 

amount of surfactants adsorbed at the oil/water interface decreased the interfacial tension and 

allowed them to stabilize larger interfacial area created during emulsification, which facilitate the 

formation of smaller droplets.183,184 However, the fact that the interfacial tension reached the 

same and fairly low value at the star polymer concentrations from 0.01 wt% to 0.1 wt% (Figure 

5.7) suggests that the droplet size is dominated by other factors when spontaneous emulsification 

occurs. A few studies have also observed the same trend as the mean droplet diameter increased 

with the surfactant concentration when a certain surfactant concentration was exceeded.37,185–188 

The formation of a viscous liquid crystalline phase limits the breakup of the interface and more 

energy is required to generate smaller droplets. In addition, the scattering intensity of 

nanoemulsion phase was more pronounced at higher star polymer concentrations (Table 5.1). 
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Figure 5.6. Effect of polymer concentration on droplet size distribution of nanoemulsions 

produced by spontaneous emulsification. Xylene-in-water nanoemulsions were prepared using 

50% water volume fraction at ambient temperature and left under quiescent conditions for 6 days 

before size measurements. The concentrations of PMEO2MA star polymer solutions: (○) 0.1 (◊) 

0.05 (∆) 0.025 (□) 0.01 wt%. 

 

 

Figure 5.7. Interfacial tension isotherm of PMEO2MA star polymers adsorbed to the 

xylene/water interface. 
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Table 5.1. Derived count rate of nanoemulsions at different star polymer concentrations 

measured by dynamic light scattering. Xylene-in-water nanoemulsions were prepared using 50% 

water volume fraction at ambient temperature and left under quiescent conditions for 6 days 

before measurements. Higher derived count rate usually indicates higher concentration or larger 

droplets. 

Star polymer concentration (wt%) Derived count rate (kcps) 

0.1 203,000 ± 673 

0.05 123,000 ± 244 

0.025 73,000 ± 268 

0.01 18,000 ± 127 

 

5.4.3 Effect of water volume fraction on nanoemulsion droplet size 

 The effect of water volume fraction on the nanoemulsion droplet size was investigated by 

preparing a series of emulsions by spontaneous emulsification with various oil:water ratio. At a 

fixed PMEO2MA star polymer concentration, increasing the water volume fraction increases the 

total amount of PMEO2MA stars presented in the nanoemulsions. The results show that the mean 

droplet size increases with the water volume fraction (Figure 5.8) except for the lowest star 

polymer concentration at 0.01 wt%, where the droplet size slightly decreases for water volume 

fractions over 80%. As for star polymer concentration at 0.1 wt%, the smallest droplets with the 

narrowest distribution were formed at 10% water volume fraction (d ~ 69 nm and PDI ~ 0.19) 

whereas the largest droplets with the broadest distribution were formed at 90% water volume 

fraction (d ~ 207 nm and PDI ~ 0.28). Similar trends were observed for star polymer 

concentration at 0.025 and 0.5 wt%. This is consistent with what we have observed when varying 

star polymer concentration (Figure 5.6). When increasing the water volume fraction at a fixed 

star polymer concentration in water, the total amount of PMEO2MA star polymer increases and 

larger size of nanoemulsion droplet was obtained. We hypothesize that this could potentially 

attribute to the difference in diffusion rates of polymer relocating from aqueous phase to xylene 

phase. However, the mechanism controlling the size of spontaneous formed droplet is not yet 
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understood and needs further investigation. It is worth mentioning that at higher water volume 

fraction, the effects of cooling on the change in droplet size are more pronounced (Figure 5.9). 

That is, larger droplets were formed when the nanoemulsion was cooled to 4 °C at higher water 

volume fraction. 

 

Figure 5.8. Effect of water volume fraction (which changes the total amount of PMEO2MA in 

nanoemulsion) on mean droplet diameter of nanoemulsions produced by spontaneous 

emulsification. Xylene-in-water nanoemulsions were prepared using various oil:water ratio at 

ambient temperature and left under quiescent conditions for 6 days before size measurements. 

The concentrations of PMEO2MA star polymer solutions: (○) 0.1 (◊) 0.05 (∆) 0.025 (□) 0.01 

wt%. 
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Figure 5.9. Nanoemulsion droplet size as a function of water volume fraction at room 

temperature (○), cooling down to 4 °C (♦) and heating back to room temperature (□). The 

concentration of PMEO2MA star polymer was 0.1 wt%. The effects of cooling on the change in 

droplet size are more pronounced at higher water volume fraction. Upon heating back to the 

room temperature, the droplet size distributions became bimodal. 
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5.5.1 PMEO2MA star polymers as emulsifiers 

 Since a nanoemulsion is only kinetically stable, the stability and properties of 
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observed. Figure 5.10b shows the photographs of macroemulsions 10 days after preparation and 

the occurrence of emulsion creaming at longer times is due to the large size of droplets. 

Interestingly, we found that the phase under the macroemulsion phase was translucent instead of 

transparent, which suggests that it was not a neat water phase. Even if after the breakage of 

macroemulaion, it did not produce macroscopic phase separation into two bulk phases; instead it 

yields a new emulsion phase with the appearance and the droplet size distribution that are similar 

to that produced under quiescent conditions. Dynamic light scattering measurements of the new 

emulsion phase gave a mean droplet size around 100 nm for various water volume fractions, as 

shown in Figure 5.10c. 
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Figure 5.10. Photographs of macroemulsions produced by high shear homogenization using 0.1 

wt% PMEO2MA star polymer concentration at various water volume fractions at (a) the initial 

stage and (b) 10 days after sample preparation. Creaming occurred in macroemulsion samples 

due to the large size of droplets. (c) Mean droplet diameter as a function of water volume 

fraction of the new emulsion phase after the breakage of macroemulsions. 
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 In order to understand whether the new nanoemulsion phase was formed by high shear 

homogenization or by spontaneous emulsification with the presence of micron-sized droplets. 

We first prepared a PMEO2MA star-stabilized macroemulsion using a homogenizer with 

polymer concentration = 0.1 wt% and water volume fraction = 0.9. The sample was then 

centrifuged at 1800 rpm for 30 mins to separate the micron-sized droplets and the continuous 

phase. After centrifugation, the bottom phase (continuous phase) was not as opaque as the one 

after creaming occurred (Figure 5.10b). The dynamic light scattering measurement shows that 

the sample was very polydisperse (PDI ~ 0.7) with three peaks at around 20 nm, 190 nm and 4.8 

µm (Figure 5.11). The largest size is likely due to the small amount of macroemulsion droplets 

being accidentally transferred when taking the bottom liquid out of the vial. The peaks at small 

(20 nm) and medium size (190 nm) suggest that the continuous phase contained both free star 

polymers and nanoemulsions. The existence of free star polymers in the continuous phase allows 

the spontaneous emulsification to occur after the macroemulsion was produced, resulting in the 

growing of the nano-sized droplets while micron-sized droplets break. This is evident in the 

photographs shown in Figure 5.12, where there is an increase in the scattering intensity of the 

nanoemulsion phase, and the disappearance of the small size peak after 6 days of sample 

preparation (Figure 5.11). In other words, instead of macroscopic phase separation into two bulk 

phases, destabilization of a macroemulsion leads to the spontaneous formation of a 

nanoemulsion phase. 
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Figure 5.11. Droplet size distribution of the continuous phase of the macroemulsion produced 

using high shear homogenization with PMEO2MA star polymer concentration 0.1 wt% and water 

volume fraction 0.9 after centrifugation at  (♦) and after 6 days of resting (○). 

 

      

Figure 5.12. Photographs of the macroemulsions produced by high shear homogenization with 

PMEO2MA star polymer concentration 0.1 wt% and water volume fraction 0.9 (a) after 

centrifugation at 1800 rpm at 30 mins and (b) after 6 days of resting. The derived count rate 

measured by dynamic light scattering increased from (a) 72,000 kcps to (b) 105,000 kcps, 

suggesting that the free polymers in the continuous phase underwent spontaneous emulsification 

and formed nano-sized droplets after the macroemulsions was produced. 
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5.5.2 Triton X-100 as emulsifiers 

 To investigate if the ability to produce a nanoemulsion using both quiescent 

emulsification and breakage of a high shear homogenized macroemulsion is a unique property of 

PMEO2MA star polymer, we prepared two xylene/water emulsions using Triton X-100 as 

surfactants. One sample was left under quiescent condition without stirring and the other was 

emulsified using a sawtooth homogenizer. Spontaneous emulsification was observed when 

xylene and 0.1 wt% Triton X-100 solution were put in contact (Figure 5.13a) with minimal 

perturbation, which has also been previously reported.189 The sample that has been homogenized 

was allowed to rest and the droplet size distribution of the bottom phase was measured after the 

macroemulsion broke. As shown in Figure 5.13c, the emulsion formed under quiescent 

condition has a mean droplet size at 500 nm whereas the emulsion formed after micron-sized 

droplets breakage has a mean droplet size around 300 nm. This indicates that after the large 

droplets in the macremulsion broke, a nanoemulsion formed, which is consistent with what we 

observed with PMEO2MA star polymers. However, the scattering intensity of the quiescent 

emulsification sample (derived count rate ~ 100,000 kcps) was much higher than that of 

macroemulsion breakage sample (derived count rate ~ 10,000 kcps). The difference in droplet 

size and scattering intensity may attribute to the redistribution of materials during high shear 

homogenization, resulting in different final structure. As will be discussed below, the location of 

the surfactants can be important for spontaneous emulsification. 
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Figure 5.13. Xylene-in-water nanoemulsions produced (a) by spontaneous emulsification under 

quiescent conditions and (b) breakage of a macroemulsion. The concentration of Triton X-100 

was 0.1 wt% and the water volume fraction was 0.5. (c) Size distribution of Triton X-100 

stabilized emulsions produced by spontaneous emulsification (○) and by breakage of a 

macroemulsion (♦) 17 days after sample preparation. 

 

5.6 Path-dependent PMEO2MA star-stabilized nanoemulsions 

 Previously proposed mechanism for the occurrence of spontaneous emulsification only 

when multi-arm poly(ethylene oxide) (PEO) stars are initially dispersed in the xylene phase, and 

not when they are in the aqueous phase is based on the diffusion of multi-arm PEO stars from the 

xylene phase into the aqueous phase.46 The difference in solubility of PEO stars in two phases 

drives PEO stars to redistribute themselves across interface and provides the energy required for 
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spontaneous emulsification. Similarly, we investigate the effect of initial location of PMEO2MA 

star polymers on the phenomenon of spontaneous emulsification. The results show that when 

PMEO2MA stars were initially dispersed in xylene phase, no spontaneous emulsification was 

observed (Figure 5.14b). Both xylene and water phases remained transparent even with a gentle 

stir (Table 5.2). We note that this phenomenon is mirrored with spontaneously formed water-in-

xylene emulsion with multi-arm PEO stars dispersed in xylene.46 This opposite trend is possibly 

attributed to PMEO2MA stars being more hydrophobic than PEO stars. PMEO2MA stars exhibit 

a lower critical solution temperature (LCST) of 29 °C in water and PEO stars has a LCST of 95 

°C,17 suggesting PMEO2MA stars are less soluble in water than PEO stars. PMEO2MA stars are 

fully dispersed in xylene as soon as they are added to xylene phase. However, because of the 

limited amount of materials, the partition coefficient for PMEO2MA stars between xylene and 

water cannot be determined. Similar to the proposed mechanism in Chapter 3.5, we hypothesize 

that the difference in PMEO2MA star solubility between two liquid phases drives PMEO2MA 

stars to redistribute themselves from water to xylene phase and provides energy to spontaneously 

form xylene-in-water nanoemulsions. The path-dependent property of PMEO2MA stars also 

confirms that oil-in-water nanoemulsions were formed instead of microemulsions since 

microemulsion is thermodynamically stable and the properties and structure should not depend 

on the preparation methods. In addition, the PMEO2MA stars were initially dispersed in both 

xylene and water phase with the same total amount of star polymers (50/50 mass in each phase) 

and the sample also formed nanoemulsion spontaneously (Figure 5.14c). However, the dynamic 

of spontaneous emulsification was slower than that when the stars were initially located in water 

phase (Table 5.2). Previous studies have shown that the size of nanoemulsion droplets depends 

on the initial location of surfactant180,190 It is the redistribution of the materials across the 



160 

 

boundary that drives spontaneous emulsification and facilitates the small droplets formation, 

rather than the final composition of the system.81 

                     

Figure 5.14. Photographs of xylene-in-water nanoemulsions formed by spontaneous 

emulsification with (a) 0.1 wt% PMEO2MA star polymer initially dispersed in water phase 

(bottom phase). (b) No spontaneous emulsification was observed when the PMEO2MA stars 

were initially dispersed in xylene phase. (c) Xylene-in-water nanoemulsions spontaneously 

formed when same total amount of PMEO2MA stars were initially dispersed both xylene and 

water phases (50/50 mass in each phase). Photographs were taken 106 days after the xylene and 

water phase came into contact. 
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Table 5.2. Photographs of xylene/water with 0.1 wt% PMEO2MA stars initially dispersed in 

water (bottom phase), initially dispersed in xylene, and initially dispersed in both xylene and 

water phases with the same total amount of PMEO2MA stars (50/50 mass in each phase) 

 Initial 1 h 3 h 5 h 18 h 48 h 

PMEO2MA 

stars in 

water 

      

PMEO2MA 

stars in 

xylene 

      

PMEO2MA 

stars in 

xylene with 

gentle stir 

      

PMEO2MA 

stars in 

water and 

xylene 
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5.7 Conclusions 

Stable xylene-in-water nanoemulsions were produced by spontaneous emulsification with 

PMEO2MA star polymer initially dispersed in water phase. The nanoemulsions were proven to 

be extremely stable for over 10 months with small increase in droplet size. We examined several 

factors that affect the properties of PMEO2MA star-stabilized nanoemulsions. Cooling had a 

major impact on the size of the nanoemulsion droplets. The droplet size increased when the 

temperature decreased from room temperature to 4 °C. A portion of large droplets converted 

back to small droplets upon heating back to the room temperature, resulting in a bimodal size 

distribution. On the other hand, heating the nanoemulsions to 45 °C, which is above the LCST of 

PMEO2MA star polymer, had little effect on the droplet size. We also showed that the mean 

droplet size increased with increasing polymer concentration and water volume fraction. 

Although the physicochemical properties that determine the droplet size still need to be 

established, these results suggest that the spontaneous emulsification method can be used for 

producing nanoemulsions at a wide range of conditions. 

 Macroemulsions that made by high shear homogenization were allowed to rest and break. 

Breakage of a macroemulsion yielded a new nanoemulsion phase with the appearance and the 

droplet size distribution that were similar to that produced under quiescent emulsification. 

Dynamic light scattering measurement of the continuous phase in the macroemulsion suggests 

that the spontaneous emulsification occurs during the breakage of big droplets, leading to the 

formation of nanoemulsions. Similar results were observed for emulsions stabilized with Triton 

X-100, indicating that macroemulsions breaking into nanoemulsions may be applied to various 

systems. 
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 Nanoemulsions produced by spontaneous emulsification exhibit a sensitivity to initial 

location of the PMEO2MA star polymers. Spontaneous emulsification occurs only when 

PMEO2MA stars are initially dispersed in the water phase. No spontaneously formed 

nanoemulsion is observed when star polymers are dispersed in the xylene phase even with a 

gentle stir. 
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6 Conclusions and future work 

6.1 Summary of observations 

 Star polymers with well-defined composition and architecture have been synthesized by 

atom transfer radical polymerization. This dissertation has confirmed that star polymers are 

effective and efficient foam and emulsion stabilizers. This work was the first systematic study of 

the effect of star polymer structure and chemistry on their interfacial activity at fluid interfaces. 

Three important interfacial characteristics have been investigated: interfacial tension reduction, 

dynamic dilatational modulus, and extent of adsorption of star polymers at air/water and 

oil/water interfaces. The contributions of these interfacial activity to high foaming and 

emulsifying efficiency of star polymers have been determined. 

 Non-ionic multi-arm PEO star polymers were able to stabilize foams and emulsions at a 

concentration of 0.005 wt%. PEO star polymers achieved significantly higher interfacial 

pressures and extent of adsorption than linear PEO due to their compact star polymer structure. 

Tethering a large number of polymer arms to a core inhibits star polymers from spreading along 

the interface, and confines all their mass in a relatively small projected area, which results in a 

densely packed adsorbed layer at the interface. No dynamic dilatational modulus was detected 

with linear PEO adsorbed layers. This is attributed to their highly flexible structure which allows 

fast conformation change in response to area oscillation. In contrast, the finite dynamic 

dilatational modulus produced by PEO star polymers adsorbed layers is caused by the highly 

constrained arms that are less able to reconfigure during area perturbation. This distinctive 

interfacial feature may be related to the high efficiency of star polymers as foaming agents and 

emulsifiers. Additionally, adsorption of star polymers were found to be path-dependent. 
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 The interfacial properties of three β-cyclodextrin core star polymers with the same 

architecture but different chemistries were also studied. Diblock star polymers were able to 

stabilize xylene-in-water and cyclohexane-in-water emulsions at pH 5 at an extremely low 

concentration that are comparable to multi-arm PEO star polymers (0.005 wt%). PDMAEMA 

and diblock star polymers display pH dependent size and charge properties. Increases in 

interfacial pressure and extent of adsorption for PDMAEMA and diblock star polymers were 

observed when the pH increased from 5 to 9. At high pH, PDMAEMA and diblock star polymers 

adsorbed to the interface in a relatively collapsed state due to charge neutralization and formed a 

densely packed layer. We have observed that the dilatational modulus of the star polymer 

adsorbed layer runs through a maximum with increasing interfacial pressure. This is attributed to 

the balance of intraparticle interactions, which increases the modulus with increasing 

concentration, and the exchange dynamic between adsorbed and bulk species, which reduces the 

modulus with increasing concentration. The ability of star polymers to resist desorption under 

interfacial compression and produce interfaces with significant dilatational elastic moduli may be 

correlated with their high emulsifying efficiency and favors emulsion stability. However, further 

study is required to gain a better understanding of foam and emulsion formation mechanism. 

 A final study demonstrated that extremely stable xylene-in-water nanoemulsions were 

formed at a wide range of conditions via spontaneous emulsification with PMEO2MA star 

polymers. Temperature and system composition were varied to examine their effects on 

nanoemulsion droplet size. While heating did not affect the droplet size, cooling increased the 

droplet size. Moreover, when nanoemulsions were brought back to room temperature, a portion 

of large droplets decomposed into small droplets, resulting in a bimodal size distribution. When 

given sufficient time, macroemulsions that were created by high shear homogenization were 
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found to break into a new nanoemulsion phase, with the appearance and the droplet size 

distribution similar to that produced under quiescent emulsification. Similar results were 

observed with Triton X-100, suggesting that macroemulsions breaking into nanoemulsions may 

be a universal phenomenon for spontaneously formed nanoemulsions. In addition, the initial 

location of PMEO2MA star polymers are important for spontaneous emulsification to occur. 

6.2 Original contributions 

 The research findings in this dissertation provide fundamental understanding of 

interfacial behavior of surface active star polymers underlying their strong emulsifying and 

foaming efficiency. The investigation of star polymers adsorbed at fluid interfaces in this 

dissertation complements the previous work performed in our group that developed 

nanoparticulate polymer brushes as efficient emulsifiers.45 The following is a list of notable 

contributions resulting from this work. 

 Proved that star polymers are effective and efficient foam stabilizers. Stable foams were 

created with 0.005 wt% of multi-arm PEO star polymers and significant fractions of 

initial foam were retained after two hours of aging. 

 Confirmed that incorporating a weakly polycation into the star polymer arms imports 

responsive interfacial behavior to pH changes.  

 Identified the significant dynamic dilatational elasticity produced by star polymers may 

be a key factor that distinguishes their good emulsifying and foaming performance from 

the poor performance of linear PEO. 
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 Identified that dynamic dilatational modulus does not linearly correlate with foaming and 

emulsifying performance. The packing density and the exchange dynamics of emulsifiers 

need to be taken into account. 

 Identified the ability of star polymers to resist ejection under interfacial compression may 

correlate with high emulsifying efficiency and stability. 

 Identified that interfacial properties of star polymer adsorbed layers does not solely 

depend on their interfacial pressure, but also depends on the structure of the adsorbed 

layer and the interactions of the star polymers. 

 Proposed a mechanism based on the difference in multi-arm PEO star polymer solubility 

between two liquids to explain the occurrence of spontaneous emulsification only when 

PEO stars polymer are initially dispersed in the xylene phase, and not when they are in 

the aqueous phase. 

 First to demonstrate the spontaneous formation of extremely stable nanoemulsions with 

surface active star polymers. 

 First to demonstrate that macroemulsions breaking into spontaneously produced 

nanoemulsions can be observed to various systems. 

6.3 Future work 

6.3.1 Neutron scattering characterization of emulsions stabilized by star polymers 

 This dissertation assessed the importance of specific interfacial properties of star 

polymers adsorbed at fluid interfaces under a variety of conditions. While much is understood 

about the properties of star polymers adsorbed at a relatively planar oil/water interface of a large 

total area through interfacial tension and rheology measurements, and extent of adsorption 

(qualitatively at oil/water interface), the emulsification ability of a star polymer with complex 
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molecular architecture and composition is ultimately tied to its microstructure and interactions 

both in solution and at the droplet fluid/fluid interface. 

 Small angle neutron scattering has been used as a characterization tool for interfacial self-

assembly and has already been applied to emulsion and emulsion-like systems, including 

vesicles,191,192 liposomes,192–194 intrabilayer polymerization,195 and surfactant-stabilized 

emulsions.196–198 A direct extension of the work in this dissertation would involve utilizing 

neutron scattering to study star polymer-stabilized emulsions. For emulsion systems, in-situ 

neutron scattering experiments offer the ability to probe droplets in their native geometric 

conformation and are capable of quantifying the surface coverage of emulsifiers, resolving 

changes in structure and the interactions of star polymers upon adsorption to the oil/water 

interface of emulsion droplets. In addition, neutron scattering allows us to determine the 

structural composition of the interface by contrast-matching solvents to obtain the scattering 

signal from the interface. Small angle neutron scattering (SANS) will be used to resolve 

scattering from the adsorbed star polymers and ultra-small angle neutron scattering (USANS) 

will be used to resolve scattering from the micron-sized droplets. To quantify surface coverage 

of star polymer, the scattering data will be fitted by an analytical scattering model for Pickering 

emulsions.199 Insights from such experiments will shed-light on the microstructural origin of 

high-efficiency emulsifying properties and help guide the design of future star polymer 

surfactants. 

6.3.2 Interfacial exchange dynamics 

 This dissertation investigated the adsorption behavior of star polymers at oil/water 

interfaces and correlated emulsifiers having resistance against forced desorption with high 
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emulsifying efficiency. To further understand adsorption/desorption behavior of star polymer at 

the interface, the exchange dynamics between the bulk and adsorbed species could be explored 

via total internal reflection – fluorescence recovery after photobleaching (TIR-FRAP) without 

perturbing the interface or the bulk suspension.200 The interfacial exchange dynamic can be 

probed by first adsorption of fluorescently tagged star polymers to the interface, followed by 

selectively photobleaching a small area of the interface. Subsequent exchange between adsorbed 

photobleached species and fluorescent bulk species will produce a recovery in the fluorescence 

intensity. Combined with the dynamic interfacial tension measurements, these experiments will 

provide information on adsorption/desorption mechanisms and lateral diffusion of star polymers 

within the adsorbed layer.  
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