


 

 

ABSTRACT 

Interfacial Properties of Polymeric Nanomaterials 

by 

Luqing Qi 

Polymeric nanomaterials such as nanoparticles and branched polymers are 

interfacially active and can be used to stabilize or increase the viscosity of an 

emulsion, which is potentially useful for enhanced oil recovery (EOR) process. 

However, nanoparticles can be limited in terms of compatibility with different 

environments, such as elevated salinities and temperature and present challenges 

for demulsification. The research presented in this dissertation mainly focuses on 

my work on the development of polymer-coated nanoparticles (PNPs) which are 

amphiphilic, surface active, and stimuli-responsive. Polymer-coated nanoparticles 

are prepared by covalently grafting polymers to the surface of the nanoparticles. 

The interaction of the PNPs with the environment can be tailored through variation 

of the polymer attached to the nanoparticle surface. In Chapter 2 is the work on the 

development of carbon black which can segregate to oil-water-surfactant 

bicontinuous microemulsions. These PNPs are prepared by attaching hydrophobic 

and hydrophilic chains to the surface of carbon black nanoparticles. By tuning the 

surface charge through variation of the degree of sulfation, the 

hydrophobic/hydrophilic properties and stability can be tuned. We find that highly-

sulfated PNPs are stable to elevated salinities and spontaneously segregate to oil-
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water-surfactant microemulsions. Chapter 3 is the development of pH-responsive 

PNPs. These are prepared by grafting a pH-responsive polymer to silica 

nanoparticles. These nanoparticles can emulsify crude oil, and be quickly 

demulsified through a change in pH. We demonstrate that the use of 0.1 wt % of pH-

responsive PNPs enhance the recovery of crude oil in a sandpack. This work 

demonstrates the versatility and potential of PNPs for a variety of applications, 

including oil recovery, controlled emulsification and demulsification, and reduction 

of interfacial tension.  

Chapter 4 is the study of aqueous self-assembly of bottlebrush block 

copolymers, which have similarity to polymer-coated nanoparticles in many aspects. 

It is able to self-assemble rapidly to form structures with large periodic domains 

and form stable micelles with very low critical-micelle concentrations (CMC).  In this 

work, we have studied a library of amphiphilic bottlebrush polymers with different 

ratio of hydrophilic and hydrophobic chains, and demonstrated a lower CMC of 

bottlebrush polymer over linear copolymers. Some primary work to quantify the 

self-assembly of a model library of amphipilic bottlebrush block polymers through 

small-angle neutron scattering (SANS) measurement is discussed. 
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Chapter 1 

Introduction 

This chapter covers the background information on oil recovery process, 

nanoparticles (NPs) and polymer-coated nanoparticles (PNPs), as well as some EOR 

mechanism of NPs/PNPs. 
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With the strong economic growth in the worlds, there is a growing demand for 

energy. EIA's released International Energy Outlook in 2013 (IEO2013) has predicted 

that world energy consumption will grow by 56% between 2010 and 2040, from 524 

quadrillion British thermal units (Btu) to 820 quadrillion Btu.1  

Renewable energy and nuclear power are the world's fastest-growing energy 

sources, each increasing 2.5 % per year. However, fossil fuels continue to supply nearly 

80 % of world energy use through 2040.2  

 

 

 

 

Figure 1.1 World energy consumption by energy source 

Petroleum is currently having the largest consumption and demand among all the 

fossil fuels. Accordingly, the production of petroleum oil is going to increase with the 

demand. As the production rate of existing fields are declining and the frequency of new 

explorations become slow, exploration of newer oil production technology is always a 

desire.  

1.1. Oil Recovery Process 
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Oil recovery is the process to extract crude oil from reservoir. It is well known 

that there exist three steps of recovery in the oil production process in reservoir, namely 

primary oil recovery, secondary oil recovery and tertiary oil recovery (Enhanced Oil 

Recovery).3 

 

 

 

 

        Figure 1.2 Schematic of oil recovery process 

1.1.1. Primary Oil Recovery 

Primary oil recovery is the first stage of oil and gas production. In this 

process natural reservoir drives are used to recover hydrocarbons. The natural 

pressure inside the oil reservoir originates from solution-gas drive, natural-water 

drive, gas-cap drive, gravity drainage and fluid expansion. Due to the difference in 

pressure within the reservoir and at the bottom of the well, hydrocarbons are 

driven towards the well and to the surface. Comparing with other steps of recovery, 

oil and gas companies will expend less money retrieving the resources from the 

ground during this stage. The pressure of the reservoir will deplete as the 

production is performed. And thus during primary recovery, typically only 5-15 % 

of initial hydrocarbons are produced for oil reservoirs.4 
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1.1.2. Secondary Oil Recovery 

During the second stage of oil production, an external fluid such as water or gas is 

injected into the reservoir through injection wells. The purpose of secondary recovery is 

to maintain reservoir pressure and to displace hydrocarbons toward the wellbore. The 

most common secondary recovery techniques are gas injection and water flooding.5      

Gas or water is normally injected into the production zone to sweep oil from the 

reservoir. The secondary recovery stage reaches its limit when the injected water or gas is 

produced in considerable amounts from the production wells and the production is no 

longer economical. The successive use of primary recovery and secondary recovery in an 

oil reservoir produces about 15 % to 40 % of the original oil in place.6 

1.1.3. Enhanced Oil Recovery 

Tertiary oil recovery, which is also called enhanced oil recovery (EOR), 

comprises recovery methods that follow water flooding and pressure maintenance. And 

the techniques used in EOR usually include thermal methods, gas methods and chemical 

methods.7–11 

Thermal methods mainly introduce heat into heavy oil reservoirs through various 

methods, such as CCS, steam flooding and SAGD, to better the flow ability of the heavy 

oil or bitumen in reservoirs by changing its viscosity and density.  

Gas methods utilize hydrocarbon gases (CH4, C3H8 or natural gas) or non-

hydrocarbon gases (N2, or CO2) that dissolve in the oil. In this way, the injected gas can 

improve oil recovery by decreasing oil viscosity and expanding oil volume.  
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Chemical methods mainly use surfactants, polymers, alkaline chemicals or micro-

emulsions to increase the effectiveness and decrease interfacial tension (IFT) that often 

prevents oil from flowing in oil reservoirs 

 

 

 

 

 

Figure 1.3 Comparison of different EOR techniques 

1.1.3.1. Chemical EOR 

In the process of chemical EOR, different combination of alkaline, surfactant and 

polymers may be used depending on the characteristics of the reservoir such as 

permeability, temperature, surface chemistry of the rock etc. Some common formulations 

include Surfactant-Polymer (SP) flooding, Alkaline-Surfactant Polymer (ASP) flooding, 

Alkaline-Polymer (AP) flooding. 

Current challenges in chemical EOR process include high cost of chemicals, 

possible formation damages, and chemical loss. Therefore, the design of less expensive, 

more efficient and environment friendly material and method is always a desire. 
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1.2. Nanoparticles (NPs) and Polymer-coated Nanoparticles 

(PNPs) 

NPs are defined as particles with size range from 1nm to 100nm, and some 

special characteristics make it potentially a good solution for the challenges in EOR:12 

Ultra-small size: The size of commonly used NPs is always smaller compared to pore 

size in porous media and thus they can easily flow through porous media without severe 

plugging or being trapped. 

High surface to volume ratio: NPs have a high surface to volume ration due to the small 

particle size. The large surface area leads to a relatively higher surface energy and that 

provides a huge driving force to change the wettability and fluid properties. 

Low cost: The NPs materials could be obtained from a variety of resources and the price 

is usually cheaper than chemicals.   

Recently, there has been increasing interest in nanoparticles and polymer coated 

nanoparticles (PNPs), which are nano-size particles with polymer chains grafted to 

surface, as additive that could be used in oil recovery process.13–15 They are interfacially 

active and have been shown to stabilize macroscopic emulsions of oil and water. And the 

surface properties such as interfacial tension and salinity resistance are very tunable with 

the control of surface polymer coating.  
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1.3. EOR Mechanism of NPs/PNPs 

The EOR mechanism has been studied for a long time; however, the EOR 

mechanism of NPs has not been totally understood yet. The commonly accepted 

approaches of NPs in EOR process include pore channel plugging, mobility ratio control, 

IFT reduction, wettability alternation and nanoemulsions. 

1.3.1. Pore Channel Plugging  

Log-jamming is one of the main reasons for core channel plugging. It happens 

when a nanofluid flows from pores to throats. The narrowing of flow area will lead to a 

difference between the velocity of water molecules and NPs, accumulating the slower 

NPs at the pore throats. With the blockage of pore throat, pressure builds up in the 

adjacent pores, and that helps the trapped oil to be pushed out.  This phenomenon is 

correlated with the concentration and size of NPs, flow rates and pore size.16,17 

1.3.2. Mobility Ratio Control 

The mobility ratio is defined by the following expression,18 

� = ��
�� = ��� ��⁄

��� ��⁄ = �����
�����                                   

 

Equation 1.1 Mobility Ratio   

In this equation, λ� and λ� are the mobility of injected fluid and oil, respectively; 

k�� and k�� are relative permeabilities of injected fluids and oil, respectively; μ� and μ� 

are viscosities of injected fluids and oil, respectively. The viscosity of injected fluid is 



 22 

 

usually lower than that of crude oil, thus the mobility ratio is high without addition of 

NPs. For oil recovery process, a lower mobility ratio is desired in order to obtain a good 

sweeping efficiency.19,20 

The viscosity of a nanofluid depends on several factors including shear rate, 

temperature etc, and It has been shown that by adding NPs into traditional fluids, the 

viscosity of injected fluids can be essentially increased as well.21 

1.3.3. IFT Reduction 

IFT is a main factor in determining the partitioning of crude oil into injected 

fluids as well as the movement of fluids in porous media. And reducing IFT between oil 

and water is one of the main mechanisms in EOR process. NPs and PNPs are surface 

active and can be potentially used for IFT reduction.22,23 

The IFT between crude oil and nanofluids is usually measured by pendant drop 

method. During the measurement, an oil droplet is generated from the end of a capillary 

needle in a nanofluid at experimental conditions (pressure and temperature). The IFT 

result is calculated by analyzing the shape of the oil droplet by an accurate video system 

and analysis software.  

1.3.4. Wettability Alternation 

The definition of rock wettability is the tendency of a fluid to adhere to the rock 

surface competing with another immiscible fluid. It is a key factor to govern oil recovery 

by affecting capillary pressure, fluids saturation, and relative permeability. Nanoparticles 

are surface active and can be absorbed onto the rock surface during the injection of 
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nanofluids, thus they have been widely explored as potential agents to alter wettability. 

Contact angle method is the mostly commonly used method for wettability 

measurement.24 

1.3.5. Nanoemulsions 

Nanoemulsion is defined as the emulsion stabilized by NPs. Compared with 

conventional emulsion stabilized by surfactant, nanoemulsions have some special 

characteristics.25 

1) Nanoemulsions have better stability under harsh conditions. This is because the 

adsorption on NPs on interface is irreversible and it would require extra energy to 

removed NPs from interface.  

2) Nanoemulsions tend to have higher viscosity and would have more significant 

effect on mobility control. 

3) Nanoemulsions are small enough to penetrate through pore media without 

much retention. 

All these characteristics of nanoemuslion make it a good approach for EOR 

process and already attract large numbers of researches on this. 
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Chapter 2 

Segregation of Amphiphilic Polymer-

Coated Nanoparticles to Bicontinuous 

Oil/Water Micro-emulsion Phases 

Chapter 2 was published in Energy Fuels, 2017, 31(2), 1339-1346 

In this chapter we show that properly designed amphiphilic polymer-coated 

nanoparticles spontaneously and preferentially segregate to the bicontinuous micro-

emulsion phases of oil, water, and surfactant. Mixtures of hydrophilic and hydrophobic 

chains are covalently grafted onto the surface of oxidized carbon black nanoparticles and 

the polymer-coated nanoparticles are stable in the aqueous phase at salinities up to 15 wt % 

NaCl. These amphiphilic nanoparticles segregate to the bicontinuous micro-emulsion 

phases. We analyzed the equilibrium phase behavior of the nanoparticles, measured the 

interfacial tension, and quantified the domain spacing in the presence of nanoparticles. 

This work shows a novel route to the design of polymer-coated nanoparticles which are 
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stable at high salinities and preferentially segregate to bicontinuous micro-emulsion 

phases.  

2.1. Chapter Introduction 

Nanoparticles are of interest as additives for EOR processes since they can be 

used to tailor interfaces and can propagate through porous media.26 A number of studies 

have focused on micron-and nano-sized surface active nanoparticle additives for 

stabilizing oil-water emulsions, mobility control of the injected flood, and wettability 

alteration of the surface to increase the efficiency of EOR processes. For example, Binks 

et al. studied water-in-oil macro-emulsions stabilized by Latex particles and found that, in 

the case of micron-size colloidal particles, the interaction with the interface was 

dominated by irreversible adsorption.27,28 The group also demonstrated that silica 

nanoparticles could be used to stabilize oil-in water macro-emulsions when blended with 

anionic or cationic surfactant, respectively.29,30 Johnston and coworkers studied a series 

of iron-oxide nanoparticles coated with amphiphilic31 or charged polymers32,33 and found 

a decrease in the value of oil-water interfacial tension and, in the case of charged polymer 

coatings, both good stability in high-salinity environments and low adsorption onto silica 

surfaces. This group and Krishnamoorti et al. also studied iron-oxide clusters and silica 

nanoparticles coated with poly[oligo(ethylene oxide) monomethyl ether methacrylate] 

and demonstrated a significant reduction in interfacial tension at very low nanoparticle 

concentrations (1 – 10 ppm).34,35 Harwell and coworkers demonstrated that surfactants 

could be used to disperse multi-walled carbon nanotubes in aqueous solution and 

transport them through porous media with little or no adsorption.36,37 Cui et al. found that 
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nanoparticle/surfactant mixtures could be used to deform emulsion droplets into non-

spherical shapes due to jamming of the nanoparticles at the oil-water interface.38 Lead 

and coworkers reported polymer-coated nanoparticles that could be used to separate oil-

water mixtures.39,40 Other studies with polymer-coated nanoparticles at the oil-water 

interface are discussed in recent review articles.41,42  

Bicontinuous micro-emulsions are thermodynamically stable phases formed by a 

mixture of oil, water and surfactant.43–45 In addition to bicontinuous, nanoscopic domains 

of oil and water, these phases are characterized by an ultralow interfacial tension between 

oil and water. As such, these phases are of interest for surfactant-enhanced oil recovery, 

in which oil can be solubilized and mobilized in the bicontinuous micro-emulsion 

phase.46 While prior work has clearly demonstrated the potential of polymer-coated 

nanoparticles for stabilizing emulsions, previous studies have not investigated the 

interaction of such nanoparticles with oil-water micro-emulsions.  

Here, we propose that properly designed, polymer-coated nanoparticles can 

segregate to surfactant-stabilized oil-water micro-emulsions, as shown schematically in 

Figure 1. We prepare a series of oxidized carbon black (OCB) nanoparticles with a 

mixture of hydrophilic and hydrophobic chains covalently grafted to the surface. We find 

that nanoparticles coated with a mixture of negatively charged polymer chains and 

hydrophobic chains are stable in water at elevated salinities (up to 15 wt % NaCl). When 

mixed with surfactants that stabilize the formation of bicontinuous oil-water phases, the 

polymer-coated nanoparticles migrate preferentially to the bicontinuous micro-emulsion 

phase. We detail the preparation of the polymer-coated nanoparticles, their phase 

behavior in oil-water-surfactant mixtures, and their impact on oil-water interfacial 
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Figure 2.1 Chemical structure 

perties. This work points to a novel property of polymer-coated nanoparticles and 

their specific interaction with bicontinuous phases. Combined with other favorable 

properties of nanoparticle additives, we envision this work will lead to future 

s of nanoparticle additives which can segregate to bicontinuous phases, 

propagate through porous media, modify interfacial properties, and enhanced the 

efficiency of enhanced oil recovery processes.  

Experimental Methods 

Chemicals 

Carbon black nanoparticles were purchased from Cabot Corporation (Monarch 

, with a diameter of 15 nm. Solvents and reagents were obtained 

from commercial suppliers and used as received. C12-orthoxylene sulfonate

surfactant was provided by Exxon, S13B 23-71SM surfactant was provided by TIORCO, 

and ALFOTERRA series surfactants (AF K2-4 1S and AF K3-4 1S) were obtained from 

Sasol. The surfactants used in this study are shown in Figure 2.1 
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2.2.2. Preparation of Amphiphilic Oxidized Carbon Black Nanoparticles 

The starting material is the commercially available carbon black nanoparticle. It is 

firstly modified by oxidation, followed by attaching hydrophobic/hydrophilic chains at 

different ratio.  The amphiphilicity can also be controlled by different degree of sulfation 

of poly(vinyl alcohol) (PVA) chains. (Figure 2.2) 

 

 

 

 

Figure 2.2 Reaction scheme for the surface modification of oxidized carbon black 
nanoparticles (OCB). sPVA: lightly sulfated PVA, ssPVA: highly sulfated PVA 

 

Oxidation of OCB. Oxidized carbon black nanoparticles (OCB) were prepared as 

follows. 9:1 v/v mixture of concentrated H2SO4/H3PO4 (360:40 mL) was added to a 

mixture of carbon black nanoparticles (3.0 g) and KMnO4 (18.0 g). The reaction was 

heated to 50 °C and stirred for 12 h. The reaction was then cooled to room temperature 

and poured over ice (~ 400 mL) with 30 % H2O2 (3 mL). The dispersion was then 

centrifuged (6000 rpm, 4 h) and the supernatant discarded. The remaining solid material 

was then washed with 200 mL of 30 % HCl two times, each time followed by 

centrifugation and decanting of the supernatant. Finally, the OCB nanoparticles were 

dialyzed in water for one week using dialysis membrane (MWCO of 1 kD). The resulting 
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nanoparticles were then collected by filtration after adding hexanes to aggregate the 

nanoparticles and dried under vacuum. 

PVA-OCB. Hydrophilic poly(vinyl alcohol) (PVA)-coated OCB nanoparticles were 

prepared by covalently attaching PVA to the OCB surface. First, OCB (25 mg) and PVA 

(2000 g/mol, 75-80 % hydrolyzed, 2.1 g) were dispersed in DMF (25 mL). Next, N,N
’-

dicyclohexylcarbodiimide (DCC, 206 mg) and 4-(dimethylamino)pyridine (DMAP, ~100 

mg) were added to the reaction. The reaction mixture was bath ultrasonicated for 10 min 

prior to heating to 70 °C for one day. The resulting polymer-coated nanoparticles were 

dialyzed in water for one week using dialysis membrane (MWCO of 50 kD). The 

nanoparticles were collected by filtration after adding hexanes to aggregate the 

nanoparticles and dried under vacuum. 

C16-PVA-OCB. Amphiphilic OCB nanoparticles were prepared by covalently attaching 

PVA and hydrophobic C16H33OH (C16) chains to the surface. First, OCB (25 mg), DCC 

(206 mg), DMAP (100 mg), and C16 (250 mg) were dispersed in DMF (25 mL). The 

reaction was carried out at 90 °C for 3 days. Next, PVA was attached to the surface of 

these nanoparticles. PVA (2.1 g) was added to the reaction along with additional DCC 

(150 mg), the reaction mixture was bath ultrasonicated for 10 min prior to stirring at 

70 °C for one day. The resulting polymer-coated nanoparticles were dialyzed in DMF for 

3 days at 50 °C and then in water for one week using dialysis membrane (MWCO of 50 

kD). The nanoparticles were collected by filtration after adding hexanes to aggregate the 

nanoparticles and dried under vacuum 
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sPVA-OCB, C16-sPVA-OCB and C16-ssPVA-OCB. Polymer-coated nanoparticles with 

sulfated PVA (sPVA) chains attached were prepared by sulfating PVA-OCB or C16-

PVA-OCB nanoparticles. For conducting full sulfation, sulfur trioxide pyridine complex 

(26 mg) was added to the nanoparticle (32 mg) dispersion in DMF (1.5 mL) at 60 °C 

under nitrogen purge, and the reaction was allowed to proceed for 1 day. For conducting 

partial sulfation, 6.4 mg of the pyridine complex is added to the same amount of 

nanoparticle (32 mg). sPVA-OCB was dialyzed in water for one week using dialysis 

membrane (MWCO of 50 kD). C16-sPVA-OCB and C16-ssPVA-OCB were dialyzed in 

DMF for 3 days at 50 °C and then in water for one week using dialysis membrane 

(MWCO of 50 kD). The nanoparticles were collected by filtration after adding hexanes to 

aggregate the nanoparticles and dried under vacuum 

2.2.3. Instrumentation and Characterization 

Dynamic Light Scattering (DLS) Measurement. Dynamic light scattering was carried 

out using a Malvern Instruments Zen 3600 Zetasizer. Polymer-coated nanoparticles were 

dispersed in water at a concentration of 5-10 ppm for analysis.  

Phase Behavior Studies. Phase behavior studies of oil, water, surfactant, and polymer-

coated nanoparticle were carried out using 3 mL made from cutting 5 mL borosilicate, 

serological pipettes. First, the pipettes were filled with the desired amount of brine (aq. 

NaCl), oil (n-octane), surfactant, and polymer-coated nanoparticle. Except where noted, 

the surfactant was 2 vol % of the aqueous phase and the polymer-coated nanoparticle 

concentration was 0.2 wt % of the aqueous phase. 2.5 wt % sec-butyl alcohol was added 

to avoid the formation of thick macro-emulsion phases. To equilibrate the mixture in each 
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pipette, pipettes were sealed with a torch prior to mixing and mixed overnight on a shaker. 

The final mixtures were allowed to rest at room temperature and photographed when the 

phase was stabilized. 

Thermo-Gravimetric Analysis (TGA). TGA measurements were carried out on a Q-

600 TGA from TA instruments. The samples were heated from 25 °C to 900 °C at a rate 

of 10 °C/min under nitrogen atmosphere.  

Interfacial Tension (IFT) Measurement. A spinning drop interfacial tensiometer (Krüss 

SITE100) was used to measure oil-water IFT.  

Small-angle X-ray Scattering. Small angle X-ray scattering (SAXS) measurements 

were carried out on Sector 8-ID-E at the Advanced Photon Source Argonne National 

Laboratory. Beamline 8-ID-E operates at energy of 7.35 keV, and images were collected 

from a Pilatus 1MF camera (Dectris), with two exposures for different vertical position of 

the detector.  After flat-field correction for detector nonuniformity, the images were 

combined to fill in the gaps for rows at the borders between modules, leaving dark only 

the columns of inactive pixels at the center. Using the GIXSGUI package for MATLAB 

(MathWorks),47 data were corrected for X-ray polarization, detector sensitivity, and 

geometrical solid angle. 

    SAXS samples were prepared from equilibrated phase behavior samples. 

Extracts were carefully taken from the micro-emulsion layer of phase-separated samples 

and transferred to quartz capillaries (Hampton Research, OD=1.5 mm). Immediately after 

that the top of capillary was sealed with wax. A series of ten samples were aligned onto a 

specially-made holder and then transferred into a vacuum chamber. Sample 



 

 

measurements were carried out under vacuum which is in the range of 2~3

the sample stage interfaced with a Lakes

μm (v). Sample detector distance

 

A series of polymer

hydrophilic poly(vinyl alcohol) (PVA) chains or a mixture of hydrophilic PVA and 

hydrophobic C16 alkyl chains to the surface of oxidized carbon black. Surface 

functionalities on carbon black nanoparticles were introduced through oxidation, and 

hydrophobic or hydrophilic chains were covalently grafted to the nanoparticle surface 

through a Steglich esterification reaction between carboxylate groups on the nanoparticle 

surface and hydroxyl groups on the polymer. In order to improve nanoparticle stability in 

high-salinity aqueous media, selected polymer

sulfated, resulting in nanoparticles coated with charged sulfated PVA (sPVA) chains. 

(Figure 2.3) The phase behavior of these nanoparticles in aqueous media is detailed 

below.  

 

 

 

 

Figure 2.3 Library of NPs with amphiphilic polymer chains on the surface

measurements were carried out under vacuum which is in the range of 2~3

the sample stage interfaced with a Lakeshore 340 unit. The beam size is 200 

m (v). Sample detector distance was 208 mm. 

A series of polymer-coated nanoparticles were prepared by either attaching 

hydrophilic poly(vinyl alcohol) (PVA) chains or a mixture of hydrophilic PVA and 

hobic C16 alkyl chains to the surface of oxidized carbon black. Surface 

functionalities on carbon black nanoparticles were introduced through oxidation, and 

hydrophobic or hydrophilic chains were covalently grafted to the nanoparticle surface 

glich esterification reaction between carboxylate groups on the nanoparticle 

surface and hydroxyl groups on the polymer. In order to improve nanoparticle stability in 

salinity aqueous media, selected polymer-coated nanoparticles were partially 

d, resulting in nanoparticles coated with charged sulfated PVA (sPVA) chains. 

The phase behavior of these nanoparticles in aqueous media is detailed 

Library of NPs with amphiphilic polymer chains on the surface
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The polymer content and size of the nanoparticles was measured through thermo-

gravimetric analysis (TGA) and dynamic light scattering (DLS), respectively, and the 

results are shown in Table 2.1 and Figure 2.4. The polymer content is greater than 70 wt % 

for all samples prepared, and an increase in the size of the polymer-coated nanoparticles 

is observed after sulfation, which we attribute to electrostatic interactions between the 

charged sPVA chains on the nanoparticle surface. The lower polymer content for C16-

ssPVA-OCB may be due to partial hydrolysis and removal of the chains attached to the 

nanoparticle surface during the extended sulfation reaction. This is also reflected in a 

drop in size of the C16-ssPVA-OCB nanoparticles after extended sulfation relative to C16-

sPVA-OCB.  

Table 2.1 Polymer fraction by TGA and size measurement by DLS 

Nanoparticle Polymer contenta 
(wt %) 

Sizeb 

(nm) 
OCB 0 50 

PVA-OCB 91 54 
sPVA-OCB 81 170 

C16-PVA-OCB 91 72 
C16-sPVA-OCB 97 151 
C16-ssPVA-OCB 72 123 

    ameasured by thermogravimetric analysis.                                                                             
bmeasured by dynamic light scattering in DI water. 
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Figure 2.4 TGA analysis for PVA-OCB, sPVA-OCB, C16-PVA-OCB, C16-sPVA-OCB, C16-
ssPVA-OCB polymer-coated nanoparticles. The polymer content for all samples is 
greater than 70 wt % based on a comparison of mass loss between 200 and 600 oC.  

 

2.3. PNP Interfacial Properties and its Segregation into Micro-

emulsion  

2.3.1. PNP Phase Behavior Without Addition of Surfactant  

We investigated the equilibrium phase behavior of polymer-coated nanoparticles 

in the presence of oil and water of varying salinity. The nanoparticle concentration was 

kept at 0.2 wt %, and the solubility and dispersion of the NPs was monitored as a 

function of changing water salinities. Mixtures were equilibrated by shaking overnight at 

ambient temperature and then allowing 2 days for oil and aqueous phases to separate. We 

used a paraffinic, transparent oil (n-octane), and the distribution of nanoparticles can be 

identified visually, as shown in Figure 2.5. The polymeric coating had a significant 
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impact on nanoparticle solubility and stability. Unmodified OCB and PVA-OCB were 

only dispersed in the aqueous phase at low salinities but were aggregated at higher 

salinities (Figure 2.5a and 2.5b). These nanoparticles do not stabilize oil-water emulsions 

and precipitate out at elevated salinities, (0-4 wt % NaCl for OCB and 4-8 wt % NaCl for 

PVA-OCB).  

By contrast, polymer coated nanoparticles with a charged polymer coating 

(sPVA-OCB and C16-sPVA-OCB) remained dispersed in the aqueous phase over a range 

of salinities. As shown in Figures 2.5c and 2.5d, these polymer-coated nanoparticles do 

not aggregate even at salinities as high as 16 wt % NaCl. The particles were surface 

active and stabilized the formation of Pickering macro-emulsion phases, which did not 

break even after weeks at room temperature. The amphiphilic nanoparticles C16-sPVA-

OCB were found to stabilize Pickering macro-emulsions over a much broader range of 

salinities, from 0 to 16 wt % NaCl, while the more hydrophilic sPVA-OCB nanoparticles 

stabilized macro-emulsions over a narrower salinity range of 5.3-11.4 wt % NaCl (Figure 

2.5c). None of the polymer-coated nanoparticle additives produced a bicontinuous micro-

emulsion phase.  

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 2.5 Equilibrium phase behavior for nanoparticles
(a) uncoated OCB; (b) PVA
sPVA-OCB nanoparticles

 

2.3.2. PNPs Surface Tension and CMC Behavior 

Nevertheless, we do note that the polymer

surface activity. As shown in 

exhibit a 25 mN/m decrease in surface tension (from 70 to 45 mN/m) at a concentration 

of just 500 ppm (0.05 wt

oil-water interface shows a decrease from approximately 50 mM/m to 17.1 mN/m 

(sPVA-OCB) and 11.6 mN/m (C

shown in the Table 2.2

to other nanoparticles in the literature, for example silica nanoparticles coated with 

poly(oligo(ethylene oxide) monomethyl ether methacrylate) which exhibit a reduction 

Equilibrium phase behavior for nanoparticles (0.2 wt %)
b) PVA-OCB nanoparticles; (c) sPVA-OCB nano

OCB nanoparticles. The upper phase is the oil phase and the bottom phase the 
aqueous phase for all samples shown. 

PNPs Surface Tension and CMC Behavior  

Nevertheless, we do note that the polymer-coated nanoparticles do exhibit some 

As shown in Figure 2.6, a dispersion of C16-ssPVA

exhibit a 25 mN/m decrease in surface tension (from 70 to 45 mN/m) at a concentration 

of just 500 ppm (0.05 wt %). Furthermore, a measurement of the interfacial tension at the 

water interface shows a decrease from approximately 50 mM/m to 17.1 mN/m 

OCB) and 11.6 mN/m (C16-ssPVA-OCB) at just 0.1 wt % PNP concentration as 

Table 2.2. These reductions in oil-water interfacial tension are comparable 

to other nanoparticles in the literature, for example silica nanoparticles coated with 

(oligo(ethylene oxide) monomethyl ether methacrylate) which exhibit a reduction 
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coated nanoparticles do exhibit some 

ssPVA-OCB nanoparticles 

exhibit a 25 mN/m decrease in surface tension (from 70 to 45 mN/m) at a concentration 

%). Furthermore, a measurement of the interfacial tension at the 

water interface shows a decrease from approximately 50 mM/m to 17.1 mN/m 

OCB) at just 0.1 wt % PNP concentration as 

water interfacial tension are comparable 

to other nanoparticles in the literature, for example silica nanoparticles coated with 

(oligo(ethylene oxide) monomethyl ether methacrylate) which exhibit a reduction 
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down to 10 mN/m for < 10 ppm nanoparticles. These interfacial tension values are still 

too high, however, to stabilize a bicontinuous oil-water micro-emulsion phase.  

 

 

  

 

 

Figure 2.6 Surface tension of C16-ssPVA-OCB in aqueous dispersion. With the 
addition of PNP, a decrease of over 30mN/m in surface tension is observed at PNP 
concentration of 500 ppm (0.05 wt %). Similar to critical micelle concentration, the 
PNP shows a characteristic of critical nanoparticle concentration (CPC) at 
concentration near to 300 ppm (0.03 wt %). Surface tension measured by Wilhelmy 
plate method with Force Tensionmeter K100 from Krüss. 

 

Table 2.2 Interfacial tension measurement between n-octane without PNP and with 
0.1 wt % sPVA-OCB, 0.1 wt % C16-ssPVA-OCB. PNP concentration is higher than 
critical nanoparticle concentration for both cases. Interfacial tension measured by 
spinning drop method with Spinning Drop Tensiometer SITE100 from Krüss. 

 

 

 

 

Nanoparticle Interfacial Tension 
(mN/m) 

No PNP 50.8 
sPVA-OCB 9.4 

C16-ssPVA-OCB 5.7 
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2.3.3. PNP Phase Behavior With Addition of Surfactant 

The results above show that the polymer-coated nanoparticles are surface active, 

and that nanoparticles coated with a hydrophilic and negatively charged polymer (sPVA) 

are stable at high salinities, as high as 15.6 wt % NaCl. Further, polymer-coated 

nanoparticles with mixed hydrophobic and hydrophilic chains (C16-sPVA-OCB) stabilize 

oil-water macro-emulsions over a broad salinity range. However, these additives do not 

lead to the formation of bicontinuous oil-water phase which are of interest for enhanced 

oil recovery due to their characteristic ultralow oil-water interfacial tension. To 

investigate the interaction of polymer-coated nanoparticles with such bicontinuous phases, 

surfactants were added to the oil-water-nanoparticle mixture. Prior studies have been 

looked at mixtures of nanoparticles and surfactants in solution,48–51 but not for the 

formation of bicontinuous oil-water phases.  

Four different surfactants were studied, as shown previously in Figure 2.1, each of 

which stabilizes a bicontinuous oil-water phase over a characteristic salinity range. Over 

this salinity range, the oil-water interfacial tension is ultralow (< 10-2 mN/m), and the 

optimal salinity is denoted as the minimum in oil-water interfacial tension.52 Figure 2.7 

shows an example phase behavior study of OXS surfactant without nanoparticle (Figure 

2.7a) and with either C16-sPVA-OCB polymer coated nanoparticle (Fig. 2.7b) or C16-

ssPVA-OCB polymer-coated nanoparticle (Fig. 2.7c). The bicontinuous micro-emulsion 

phase can be visually distinguished as a hazy ‘middle phase’ between the upper oil phase 

and lower aqueous phase. OXS surfactant stabilized the formation of a bicontinuous 

micro-emulsion phase over the salinity range of approximately 1.6-1.9 wt % NaCl. At 

salinities below 1.6 wt % NaCl an oil-in-water macro-emulsion (lower phase) is observed 



 

 

and at salinities above 1.9 wt % NaCl a water

observed.  

 

 

 

 

Figure 2.7 Phase behavior of 
nanoparticles in octane
0.1wt % C16-sPVA-OCB
sec-butyl alcohol was added to all samples shown.

 

With the addition of C

nanoparticles, the middle phase persists and, notably, nanoparticles segregated 

exclusively to bicontinuous micro

the nanoparticles were clearly observed inhabiting only the middle phase over the range 

of salinities where a middle phase micro

present in the upper oil or lower aqueous phases when a middle phase is present.

lower and higher extremes in salinity, the nanoparticles segregated to oil

emulsion or water-in-

polymer-coated nanoparticles, bicontinuous micro

similar range of salinities, with a slight shift to higher salinities on the addition of 

polymer-coated nanoparticles. 

and at salinities above 1.9 wt % NaCl a water-in-oil macro-emulsion (upper phase) is 

Phase behavior of C12-orthoxylene sulfonate (OXS)
nanoparticles in octane-water mixtures: (a) OXS (2 wt %) (b

OCB and (c) OXS (2 wt %) and 0.1 wt % C16-
butyl alcohol was added to all samples shown.   

With the addition of C16-sPVA-OCB and C16-ssPVA-

nanoparticles, the middle phase persists and, notably, nanoparticles segregated 

exclusively to bicontinuous micro-emulsion phases. As shown in Figures 2.7

the nanoparticles were clearly observed inhabiting only the middle phase over the range 

of salinities where a middle phase micro-emulsion phase forms. No nanoparticles were 

present in the upper oil or lower aqueous phases when a middle phase is present.

lower and higher extremes in salinity, the nanoparticles segregated to oil

-oil macro emulsion phases, respectively. In the presence of the 

coated nanoparticles, bicontinuous micro-emulsion phases were formed 

similar range of salinities, with a slight shift to higher salinities on the addition of 

coated nanoparticles.  
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While both charged amphiphilic polymer
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surfactants with relatively low optimal salinities, the degree of sulfation affected the 

stability of dispersed 

S13B surfactant which exhibits an optimal salinity near 4.3 wt %, we observed 

aggregation of C16-sPVA

C16-ssPVA-OCB nanoparticles were stable at these higher salinities and segregated to the 

bicontinuous middle phases, as shown in 

 

 

 

 

Figure 2.8 Phase behavi
octane-water mixtures: (a) S13B (2 wt %) (b) S13B (2 wt %) and 0.1 wt % 
ssPVA-OCB (c) S13B (2 wt %) and 0.1 wt % 
alcohol was added to each sample.  

 

Next, we tested the phase behavior of the highly sulfated 

nanoparticles in the presence of surfactants with ultra

and K2-4 1S. These surfactants exhibit optimal salinities at approximately 12 wt % NaCl 

and 15 wt % NaCl, as shown in Figures 2.9

Effect of Charge Repulsion-Degree of Sulfation 

While both charged amphiphilic polymer-coated nanoparticles (

OCB) segregated exclusively to bicontinuous micro

surfactants with relatively low optimal salinities, the degree of sulfation affected the 

dispersed nanoparticles in the aqueous media. For example, in the cases of 

B surfactant which exhibits an optimal salinity near 4.3 wt %, we observed 

sPVA-OCB nanoparticles. By comparison, the more highly sulfated 

OCB nanoparticles were stable at these higher salinities and segregated to the 

ous middle phases, as shown in Figure 2.8 

Phase behavior of S13B surfactant and polymer-coated nanoparticles in 
water mixtures: (a) S13B (2 wt %) (b) S13B (2 wt %) and 0.1 wt % 

(c) S13B (2 wt %) and 0.1 wt % C16-sPVA-OCB. 
alcohol was added to each sample.   

Next, we tested the phase behavior of the highly sulfated 

nanoparticles in the presence of surfactants with ultra-high optimal salinities, i.e. K3

4 1S. These surfactants exhibit optimal salinities at approximately 12 wt % NaCl 

wt % NaCl, as shown in Figures 2.9 a and 2.9 c. Even at these extre
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C16-ssPVA-OCB remained dispersed and segregated exclusively to the oil

phase. Aggregation of the nanoparticles was observed at 16 wt % NaCl, as shown in 

Figure 2.9d. 

These results are surprising since most nanoparticles are not 

salinities and the amphiphilic nanoparticles were found to segregate strongly and 

exclusively to bicontinuous micro

micro-emulsion middle phases has not been previously reported. The

studies clearly demonstrate that the use of an amphiphilic nanoparticle coating along with 
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Figure 2.9 Phase behavior of K 3
additives: (a) 2 wt % 
wt % K2-4 1S (d) 2 wt %
alcohol is added in all 

OCB remained dispersed and segregated exclusively to the oil

phase. Aggregation of the nanoparticles was observed at 16 wt % NaCl, as shown in 

These results are surprising since most nanoparticles are not 

salinities and the amphiphilic nanoparticles were found to segregate strongly and 

exclusively to bicontinuous micro-emulsion phases. Such segregation of nanoparticles to 

emulsion middle phases has not been previously reported. The

studies clearly demonstrate that the use of an amphiphilic nanoparticle coating along with 

a charged, highly sulfated polymer results in polymer-coated nanoparticles that are stable 

at high salinities and migrate to micro-emulsion middle phases. 

 

 

 

 

 

Phase behavior of K 3-4 1S, K 2-4 1S, and polymer
additives: (a) 2 wt % K3-4 1S (b) 2 wt % K3-4 1S and 0.1 wt %

2 wt % K2-4 1S and 0.1 wt % C16-ssPVA-OCB
alcohol is added in all cases.  
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phase. Aggregation of the nanoparticles was observed at 16 wt % NaCl, as shown in 

These results are surprising since most nanoparticles are not stable at such high 

salinities and the amphiphilic nanoparticles were found to segregate strongly and 

emulsion phases. Such segregation of nanoparticles to 

emulsion middle phases has not been previously reported. These phase behavior 

studies clearly demonstrate that the use of an amphiphilic nanoparticle coating along with 

coated nanoparticles that are stable 
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OCB. 2.5 wt % sec-butyl 
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2.4. Influence of PNPs Additive on IFT of Oil-Water-Surfactant 

Micro-emulsion 

The formation of bicontinuous micro-emulsion phases reflect an ultralow oil-

water interfacial tension (IFT), and we were interested in understanding the impact of the 

polymer-coated nanoparticles on the interfacial tension and domain size. Two methods 

were used to measure the oil-water IFT. First, the interfacial tension was directly 

measured through spinning drop tensiometry. A second approach was the application of 

an empirical relationship for the IFT for micro-emulsion phases that can be extracted 

from the phase behavior studies, as reported by Huh.53 This approach involves measuring 

the volume of oil (VO) and water (Vw) incorporated into the middle phase along with the 

total volume of surfactant (Vs). These can be determined through the equilibrium phase 

behavior studies described above by determination of the relative volumes of the upper, 

lower, and middle phase. The IFT can then be given by:   

            ��� = � (�� ��⁄ )�⁄ ,   ��� = � (�� ��)⁄ �⁄ ,              

    

          Equation 2.1 IFT calculated by solubilization ratio 

where ��� is IFT between the micro-emulsion phase and the oil phase, ��� the 

IFT between the micro-emulsion phase and the water phase, and C is a constant equal to 

0.3 mN/m.53 The ratios Vo/Vs and Vw/Vs are known as the solubilization parameters for oil 

and water, respectively, and they reflect the amount of oil or water present in the micro-

emulsion phases normalized by the volume of surfactant VS. For these studies, we only 

focused on the OXS surfactant series, since this particular series provided very clear 



 43 

 

boundaries between oil, water, and bicontinuous phases, enabling measurement and 

analysis through the empirical correlation.  

Direct measurement of the oil-water interfacial tension through spinning drop IFT 

indicated that the nanoparticle additive had only a small impact on the IFT. We measured 

values of 1.8�10-3 and 1.5�10-3 mN/m with and without nanoparticle added, respectively 

(with 2 wt % OXS surfactant and 2.5 wt % sec-butyl alcohol). In Figure 2.10, we show 

the solubilization parameters for water and oil in micro-emulsion phases stabilized by 

OXS surfactant and both with and without C16-ssPVA-OCB polymer-coated nanoparticle. 

At low salinities, an oil-in-water macro-emulsion (lower phase) is observed, as reflected 

by a much larger solubilization parameter for water. At higher salinities, a water-in-oil 

macro-emulsion (upper phase) is present, and solubilization parameter for oil is higher 

than that for water. Over the salinity range of 1.6 – 2.0 wt % NaCl, the solubilization 

parameters for oil and water are comparable, and this corresponds to the formation of a 

middle phase. The minimum in interfacial tension (optimal salinity) occurs at the point 

where the solubilization parameters cross.54 These phase behavior studies clearly show 

that the solubilization parameters are comparable both with and without nanoparticle 

present and that the optimal salinity occurs at approximately 1.8 wt % NaCl. Using the 

empirical Huh correlation,53 the IFT is 2.6 and 2.7 � 10-3 mN/m with and without 

polymer-coated nanoparticle added, respectively. Thus, but methods indicate that 

nanoparticle additives have only a small impact on the IFT. 
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Figure 2.10 The solubilization parameters for octane-water-OXS mixtures both with 
and without C16-ssPVA-OCB (0.1 wt %) nanoparticle added. 2 wt % OXS and 2.5 wt % 

sec-butyl alcohol were used in all cases. 

 

2.5. Influence on PNPs Additive on Domain Size of Oil-Water-

Surfactant Micro-emulsion 

Next, we investigated the effect that polymer-coated nanoparticles had on the 

domain size of bicontinuous middle phases through small-angle X-ray scattering 

measurements. In order to carry out these measurements, a sample of the bicontinuous 

middle phase was extracted from equilibrated oil/water/surfactant/nanoparticle samples 

and transferred to a capillary for analysis. Micro-emulsion phases for OXS, K2-4, and 

K3-4 surfactant series were studied, but only the K2-4 and K3-4 samples provided a 

measureable correlation peak over the q-range of the X-ray measurements, as shown in 

Figure 2.11. A clear low-angle peak characteristic of a bicontinuous oil-water micro-

emulsion phase was observed in these samples. In both cases, a small shift to lower-q 

values was seen on the addition of the C16-ssPVA-OCB polymer-coated nanoparticles.  



 

 

This indicated an increase in domain spacing with the addition of polymer

nanoparticles. 

 

 

 

 

 

Figure 2.11 SAXS and 
emulsion both with and without C16
2 wt % K3-4 1S at salinity 12.2
wt % sec-butyl alcohol is added in 

 

    The model by Strey et al. was used to extract the domain size 

length ξ from the data.

features of the low-angle scattering curve accurately and provide quantitative estimates 

for d and ξ. For both surfactants, an approximately 15 nm increase in the domain size was 

measured in the presence of polymer coated

polymer-coated nanoparticles are much larger than 15 nm, and therefore this suggests 

that the polymer-coated nanoparticles occupy the oil

into both phases, as shown schematica

chains with the aqueous phase and the hydrophobic chains with the oil phase helps 

stabilize the nanoparticles at the interface, and a small but measureable increase in the 

domain size was observed. 

This indicated an increase in domain spacing with the addition of polymer

SAXS and Strey model simulation for octane-water
emulsion both with and without C16-ssPVA-OCB (0.1 wt %) nanoparticle added: 

at salinity 12.2 wt % (b) 2 wt % K2-4 1S at salinity
butyl alcohol is added in all cases.  

The model by Strey et al. was used to extract the domain size 

from the data.55,56 As shown in Figure 2.11, this model was able to capture the 

angle scattering curve accurately and provide quantitative estimates 

For both surfactants, an approximately 15 nm increase in the domain size was 

measured in the presence of polymer coated nanoparticles, as shown in Table 2

coated nanoparticles are much larger than 15 nm, and therefore this suggests 

coated nanoparticles occupy the oil-water interface with chains extended 

into both phases, as shown schematically in Figure 1. The interaction of the amphiphilic 

chains with the aqueous phase and the hydrophobic chains with the oil phase helps 

stabilize the nanoparticles at the interface, and a small but measureable increase in the 

domain size was observed.  
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This indicated an increase in domain spacing with the addition of polymer-coated 

water-surfactant micro-
OCB (0.1 wt %) nanoparticle added: (a) 

at salinity 15.4 wt %. 2.5 

The model by Strey et al. was used to extract the domain size d and correlation 

this model was able to capture the 

angle scattering curve accurately and provide quantitative estimates 

For both surfactants, an approximately 15 nm increase in the domain size was 

nanoparticles, as shown in Table 2.3.  The 

coated nanoparticles are much larger than 15 nm, and therefore this suggests 

water interface with chains extended 

lly in Figure 1. The interaction of the amphiphilic 

chains with the aqueous phase and the hydrophobic chains with the oil phase helps 

stabilize the nanoparticles at the interface, and a small but measureable increase in the 
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Table 2.3 Domain size d and correlation length ξ for micro-emulsion phases formed 
by K2-4 1S and K3-4 1S surfactants both with and without C16-ssPVA-OCB 
nanoparticles present based on small-angle X-ray analysis of bicontinuous phases.  

 
Micro-emulsion stabilizer d/nm ξ/nm 

K2-4 1S only 
K3-4 1S only 

49.1 
63.0 

121.8 
333.3 

K2-4 1S with PNP 58.6 119.1 
K3-4 1S with PNP 74.3 162.1 

 

2.6. Chapter Conclusion 

We synthesized a series of oxidized carbon black nanoparticles with covalently 

attached hydrophilic and hydrophobic chains and investigated the equilibrium phase 

behavior of these nanoparticles in the presence of oil and water. A mixture of hydrophilic 

PVA and hydrophobic chains C16 was observed to produce stable emulsions over a broad 

salinity range, and sulfation of the PVA chains significantly improved dispersion stability 

in aqueous media at elevated salinities. When mixed with surfactants that stabilized the 

formation of bicontinuous micro-emulsion phases, polymer-coated nanoparticles 

segregated strongly and preferentially to the middle phases. This reflects the interfacial 

activity of amphiphilic nanoparticle additives, and highly sulfated polymer-coated 

nanoparticles C16-ssPVA-OCB were stable and surface active at elevated salinities, up to 

15 wt % NaCl. A combination of IFT measurements and phase behavior studies showed 

that the nanoparticle additives had only a small impact on the IFT. Furthermore, SAXS 

measurements revealed a modest but measurable increase in the domain size on addition 

of the polymer-coated nanoparticles. These phase behavior studies clearly demonstrate 

that the use of an amphiphilic nanoparticle coating along with a charged, highly sulfated 
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polymer results in polymer-coated nanoparticles that are stable at high salinities and 

migrate to micro-emulsion middle phases. Combined with other favorable properties of 

nanoparticle additives, we envision this work will lead to future developments of 

nanoparticle additives which can segregate to bicontinuous phases, propagate through 

porous media, modify interfacial properties, and enhanced the efficiency of enhanced oil 

recovery processes. 

In future studies, we expect systematic studies of a polymer coated nanoparticle 

that does lower the interfacial tension on order of tens of mN/m and its influence on 

micro-emulsion in the presence of a surfactant. The coating of nanoparticle with more 

surface active chains, as well as the tailoring of size of PNPs to be larger or smaller, are 

to be studied for the preparation of PNPs that bring lower interfacial tensions. 
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Chapter 3 

pH-responsive Polymer-coated 

Nanoparticle for Reversible 

Emulsification and Recovery of Heavy 

Oil 

Chapter 3 is to be submitted to Langmuir 

Heavy crude oil has lower solubility and higher density than that of light crude oil, 

and it primarily comes in the form of natural bitumen from oil sand. Therefore, there are 

significant challenges in both the production and transportation of heavy oil. Emulsifiers 

can be used to produce low viscosity oil-in-water emulsions to recover the oil, but 

subsequent demulsification can be challenging.  Here, we investigate pH-responsive 

polymer-coated nanoparticles (PNPs) that are interfacially active and can be used to 

reversibly stabilize and break oil/water emulsions through variations of the pH. This 

work demonstrates the applicability of polymer-coated nanoparticles as surface active 

materials for EOR processes and for heavy oil transportation. 
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3.1. Chapter Introduction 

Large reserves of oil sands are found in locations across the globe including 

Venezuela, Canada and Russia.57–59 Oil sand usually comes in the form of a mixture of 

sand, water, clay, and bitumen, a thick heavy oil higher viscosity, higher density and 

lower solubility compared with other oil.60,61 These properties present challenges to the 

cost-effective recovery and transportation of heavy oils. Current methods of heavy oil 

recovery include surface mining, chemical flooding and some novel methods like steam 

assisted gravity drainage (SAGD) and Cyclic Steam Stimulation (CSS) etc, all with 

differing level of success.62–65 Single or combined methods can be applied depending on 

the actual underground circumstances. Chemical flooding is a relatively mature method 

in EOR with broader applicability for both light oil and heavy oil recovery66–69 and lower 

capital expenditure relative to SAGD and CSS.  Prior work with nanoparticle additives 

and oil-water emulsions have demonstrated the potential and effectiveness of PNPs for 

oil recovery.70 A number of studies have focused on micron- and nano-sized surface 

active nanoparticle additives for stabilizing oil-water emulsions, mobility control of the 

injected flood, and wettability alteration of the surface to increase the efficiency of EOR 

processes. For example, Binks et al. studied water-in-oil macro-emulsions stabilized by 

Latex particles and found that, in the case of micron-size colloidal particles, the 

interaction with the interface was dominated by irreversible adsorption.71,72 The group 

also demonstrated that silica nanoparticles could be used to stabilize oil-in water macro-

emulsions when blended with anionic or cationic surfactant, respectively.73,74 Johnston 

and coworkers studied a series of iron-oxide nanoparticles coated with amphiphilic75 or 

charged polymers76 and found a decrease in the value of oil-water interfacial tension and, 
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in the case of charged polymer coatings, both good stability in high-salinity environments 

and low adsorption onto silica surfaces. We developed a series of polymer-coated 

nanoparticles (PNPs) with charged polymers that could segregate to bicontinuous oil-

water microemulsion phases and were stable at high salinities, as high at 14 wt %.77 Cui 

et al. found that nanoparticle/surfactant mixtures could be used to deform emulsion 

droplets into non-spherical shapes due to jamming of the nanoparticles at the oil-water 

interface.78 Lead and coworkers reported PNPs that could be used to separate oil-water 

mixtures.79 Tilton et al. reported the xylene-in-water emulsion and cyclohexane-in-water 

emulsion stabilized by DMAEMA-PNPs and the thermal responsiveness of DMAEMA-

PNPs for breaking emulsions.80 Other studies with PNPs at the oil-water interface are 

discussed in recent review articles.81,82  

These studies demonstrate that very stable Pickering emulsions can be produced 

through the irreversible adsorption of nanoparticles to the oil-water interface. Attaching 

surface-active polymers to the nanoparticle surface increases the stability of the emulsion, 

even at very low nanoparticle concentrations. However, PNPs have not been developed 

or tested for the recovery of heavy oil, where stimuli-responsive nanoparticles capable of 

emulsifying and demulsifying heavy oil are desirable. . 

 Here, we develop and demonstrate stimuli-responsive PNPs that can be used to 

stabilize and break oil/water emulsions by the variation of pH. Silica particles with 

poly(dimethyl ethyl acrylamide) (DMAEMA) chains covalently grafted to the surface are 

prepared through a reversible addition fragmentation chain transfer (RAFT) grafting-

through technique. We show that DMAEMA PNPs can be used to stabilized Pickering 

emulsions of high viscosity Canadian bitumen from oil sand at additive concentration as 
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low as 0.1 wt % and at a neutral pH. The performance of the DMAEMA PNPs exceeds 

that of pure DMAEMA homopolymer additive or of just water with no additive. By 

reducing the pH of the aqueous solution, the interfacial activity of the DMAEMA 

decreases and the emulsion is destabilized, allowing the heavy oil to coagulate and settle. 

We demonstrate sandpack flooding experiments using 0.1 wt % DMAEMA PNPs as 

additives and find that the nanoparticles are able to recover approximately 10 wt % of the 

heavy crude oil in place. This work demonstrates the applicability of PNPs as surface 

active materials for EOR process and for heavy oil transportation.     

 

 

 

 

 

 

Figure 3.1 Schematic for the use of PNPs additives to recover heavy oil trapped in 
porous media (top) and the phase behavior of PNPs with changes in pH (bottom). 
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3.2. Experimental Methods 

3.2.1. Chemicals 

Crude oil sample was bitumen oil from Athabasca in Alberta, Canada; silica 

nanoparticles were purchased from Nissan Chemical (MEK-ST, 30 wt % in MEK), with 

a diameter of 10-15 nm. Solvents and reagents were obtained from commercial suppliers 

and used without further purification unless otherwise specified. 3-

aminopropyl(diethoxy)methylsilane (APDMES), 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (chain transfer agent, CTA), 2-(dimethylamino)ethyl methacrylate, 

N,N’-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP) and 2,2’-

azobis(2-methylpropionitrile) (AIBN) were purchased and used as received.  

3.2.2. Preparation of DMAEMA Coated Nanoparticles 

The preparation of PNPs starts from attaching a chain transfer agent (CTA) 

molecule to silica nanoparticle through a saline linkage. And in order to grow polymer on 

surface of NPs, a controlled Reversible Addition-Fragmentation Polymerization (RAFT) 

was performed. (Figure 3.2) 

APDMES-CTA. The coupling of APDMES and CTA was performed as follows: 

CTA (0.1 g, 0.27 mmol), DCC (0.1 g, 0.48 mmol), DMAP (10 mg, 0.08 mmol) and oleic 

acid (0.6 g, 2.12 mmol) were added to a 50 mL round bottom flask. Next, 20 mL DCM 

(anhydrous) was added, and the flask was purged with nitrogen for 20 minutes. APDMES 

was added to the mixture under the protection of nitrogen. The solution was stirred on ice 
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bath for 1 hour, and the reaction was conducted under room temperature for overnight 

with rigorous stirring. The solution was filtered prior to use in the next step.  

SiO2-CTA. 3 mL silica nanoparticle solution (30 wt %) and 20 mL THF were 

added into a 100 mL round bottom flask. The filtered APDMES-CTA solution was added 

drop by drop to the flask while stirring. The mixture was purged with nitrogen for 20 

minutes and the reaction was conducted under room temperature for 72 hours with 

rigorous stirring. SiO2-CTA was precipitated in methanol and was centrifuged at 3000 

rpm for 15 min. Residual solvent was removed, and SiO2-CTA was re-dissolved in THF. 

The precipitation and centrifugation was repeated for 3 times, and SiO2-CTA was dried 

under vacuum.    

DMAEMA PNPs. 2-(dimethylamino)ethyl methacrylate was passed through a 

basic alumina column to remove inhibitor before polymerization. For the preparation of 

DMAEMA PNPs, SiO2-CTA (70 mg) was sonicated in 1,4-dioxane (4 mL) to produce a 

homogeneous solution prior to adding AIBN (0.63 mg, 0.004 mmol) and 2-

(dimethylamino)ethyl methacrylate  (150 mg, 0.95 mmol). The mixture was purged with 

nitrogen for 15 minutes and reacted at 70 ℃  overnight. The resulting product was 

purified by dialysis in water for 1 week using dialysis membrane (MWCO of 3000 Da) to 

produce a 5 wt % stock solution of DMAEMA PNPs in water.  

DMAEMA homopolymer. For the preparation of linear DMAEMA, 2-

(dimethylamino)ethyl methacrylate (2.98 g, 18.95 mmol), AIBN (12.4 mg, 0.075 mmol) 

and CTA (137.7 mg, 0.38 mmol) were dissolved together in 20 mL 1,4-dioxane. The 

mixture was purged with nitrogen for 15 minutes and reacted at 70 ℃ for 5 hours. The 
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resulting linear DMAEMA was precipitated in cold hexane for 3 times and dried under 

vacuum.   

 

 

 

 

 

 

Figure 3.2 Reaction scheme for the surface modification of silica nanoparticles. 

 

3.2.3. Instrumentation and Characterization 

Dynamic Light Scattering (DLS) Measurement. Dynamic light scattering was 

carried out using a Malvern Instruments Zen 3600 Zetasizer. Polymer-coated 

nanoparticles were dissolved in water at a concentration of 0.1 wt % for analysis.  

Phase Behavior Studies. Phase behavior studies of oil, water, surfactant, and 

PNPs were carried out in 30 mL vials. A desired amount of crude oil, PNP stock solution, 

and DI water was added to each vial sequentially. Except where noted, the amount of 

crude oil in each vial was 15 mg and a 15 mL solution of 0.1 wt % PNP. To homogenize 
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the mixture, the mixture was placed in an ice bath and sonicated for 5 minutes using a 

Q500 probe sonicator (power level 3). Samples were capped and sealed immediately after 

sonication to prevent evaporation and for long-term analysis. 

Thermo-Gravimetric Analysis (TGA). TGA measurements were carried out on 

a Q-600 TGA from TA instruments. The samples were heated from 25 °C to 900 °C at a 

rate of 10 °C/min under nitrogen atmosphere.  

Contact Angle and Interfacial Tension (IFT) Measurement. Contact angle and 

IFT measurement were performed with a tensiometer (Krüss DSA100). For IFT, sessile 

drop method was taken; size and angle parameters from drop image were fitted into the 

nonlinear functions by Dawe et al. to calculate the interfacial tension between crude oil 

and water with and without PNPs.  

Nuclear Magnetic Resonance Spectroscopy (NMR). Proton NMR (1H NMR) 

spectra were recorded using tetramethylsilane as an internal standard in CDCl3 on a 400 

MHz Bruker multinuclear spectrometer. Samples were placed in 5 mm O.D. tubes with a 

concentration of 10 mg/mL. 

Microscopy. Dispersion of oil drops in Pickering emulsion was observed under a 

polarizing optical microscope (Zeiss Axioplan 2). 40 μL of phase behavior solution was 

drop cast on a glass slide and covered carefully by glass coverslip. 

Total Carbon Analysis. Emulsion carbon concentration analysis was performed 

with SHIMADZU TOC-V analyzer. Phase behavior solutions were settled on auto-

sampler and programmed was set for analysis.  
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UV-absorption. UV absorption measurement was performed with a UV-Vis 

Spectrophotometer (Shimadzu UV-2550). The absorption was taken at wavelength 425 

nm with a series of CTA and SiO2-CTA samples of different concentrations in THF.   

Sandpack flooding. Sandpack flooding was performed through a glass column 

(0.66 cm in D and 17 cm in L) loaded with oil sand (30 wt % oil and 70 wt % sand). A 

wire heater was wrapped around the column to maintain a temperature of 80 °C. A 

syringe pump was used to inject the mobile phase (water or water with 0.1 wt % 

DMAEMA PNPs) at a flow rate of 1 mL/min.  

Both DMAEMA PNP and linear DMAEMA were prepared by reversible 

addition-fragmentation chain-transfer (RAFT) Polymerization.83 For the DMAEMA 

PNPs, CTA was first attached onto the surface of nanoparticle through the a 3-

aminopropyl (diethoxy)methylsilane linker. The PNP was prepared through a “graft from” 

RAFT polymerization of 2-(dimethylamino)ethyl methacrylate in 1,4-dioxane at 70 °C 

for overnight. The existence of CTA guarantees the chain length of each attached 

polymer chain to be uniform. The polymer content and size of the nanoparticles was 

measured through thermo-gravimetric analysis (TGA) transmission electron microscopy 

(TEM), UV-absorption, and dynamic light scattering (DLS), and the results are shown in 

Table 3.1 and Figure 3.3. The polymer content of the DMAEMA PNPs is greater than 50 

wt %. Using UV absorption to quantify the number of CTA functional groups attached to 

the nanoparticles, we are able to calculate the coating density and average number of 

repeat unit for each chain. The coating density is determined to be 1.8 chains/nm2, 

consistent some previously reported polymer-coated nanoparticles.84,85 The Mw of linear 
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DMAEMA is determined by NMR and calculated from the number ratio DMAEMA 

repeat unit and CTA.  

Table 3.1 Polymer fraction by TGA and size measurement by DLS 

Item Results 
DMAEMA PNPs 

Polymer fractiona 57 wt % 
Number Avg. Diameterb 110.3 nm 

Coating densityc 1.8 chains/nm2 
Avg. DP of each chaind 

Avg. Mn of each chaine 
14 

2600 g/mol 
Linear DMAEMA 

Avg. Mn
f 7600 g/mol 

ameasured by thermogravimetric analysis 
(TGA). bmeasured by dynamic light 
scattering (DLS) in DI water. 
c,d,ecalculated by the combination of DLS, 
TGA and Uv-absorption. fmeasured by 
NMR. 
 

 

 

 

 

 

 

Figure 3.3 (a) TGA analysis for DMAEMA PNP (b) TEM analysis of DMAEMA PNP (c) 
DLS analysis of DMAEMA PNP  
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3.3. Interfacial Properties of PNPs 

3.3.1. Proposed Mechanism in DMEAME PNPs for EOR and Reversible 

Emulsion 

Before the study of this newly designed PNPs on EOR, it is important to 

understand the mechanisms of some nano-assisted EOR process. Nanoparticle has its 

characteristics of ultra-small size and high surface to volume ratio. The smaller size 

makes it easy to go through porous media without severe plugging or being trapped; the 

high surface to volume ratio increases the efficiency of its interaction with oil, water or 

rock surface. Recent studies have explored the interactions of nanofluids, crude oil and 

rocks and have revealed some EOR mechanisms.86–88 However, the understanding of 

mechanism for nano-assisted EOR process is still not enough. Some commonly accepted 

approaches in nano-assisted EOR include: pore channel plugging,89 injected fluid 

mobility control,90 IFT reduction,91 wettability alternation92 and nanoemulsion93 etc.  

Here for the case of DMAEMA PNPs, we assume and will demonstrate in the 

following sessions that the mechanism is the combined effect of IFT reduction and 

nanoemulsion. IFT will affect the miscibility of crude oil with water and a lower IFT will 

make difference in mobilizing the oil in place. Nanoemulsion is the emulsion that is 

stabilized by nanoparticles; comparing with conventional emulsions stabilized by 

surfactants or other colloidal solids, it can withstand harsh reservoir conditions and will 

remain stable because of the large absorption energy of nanoparticles at the oil/water 

interface.94 Figure 3.4 is the illustration of EOR process by our designed DMAEMA 

PNPs. The PNPs will be injected along with the injecting fluid into reservoir and migrate 
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to the interface between oil/water, therefore lowering IFT and mobilizing oil in place. Oil 

will be recovered from the reservoir in the form of oil in water emulsion in the effluent 

fluid.  

 

 

 

 

 

      Figure 3.4 Mechanism of PNP for EOR 

To separate the oil and water emulsions after oil recovery, people usually have to 

add certain amount of demulsifies to break the emulsions or use some other physical 

separation methods. And this will obviously take extra operations and increase the overall 

cost of oil recovery process. Some novel, integrated and environmental friendly oil-water 

separation method is always a desire. 

With a highly dense coating of pH responsive DMAEMA polymer, the PNP as a 

whole can be protonated and hydrophilicity is tremendously increased. At a certain point 

where the pH is low enough, hydrophilicity will dominate. The hydrophilic PNP will 

have the tendency to leave oil-water interface and migrate to aqueous phase. And 

consequently, as no more PNP stabilizing emulsion at interface, the oil-in-water 

Pickering emulsions become very unstable that oil water separate from each other and 

becomes two individual bulk phase in a relatively short time. Contact angle 

measurements (Figure 3.5) were performed by casting drops of PNP solution at both 
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neutral and acidic (pH=2) condition on bitumen coated wafers. And a difference of 20 

degree in contact angle was observed between PNP at natural and pH=2 conditions. We 

believe that DMAEMA PNPs become fully protonated and fully hydrophilic at pH=2 or 

below conditions. 

 

 

 

 

 

 

(a)                                            (b)                                           (c) 

Figure 3.5 contact angle measurement on crude oil coated surface with drop of (a) 
DI water (b) 0.1 wt % DMAEMA PNP at pH=7 (c) 0.1 wt % DMAEMA PNP at pH=2. 
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3.3.2. Phase Behavior Studies of Reversible Oil-in-Water Emulsion 

Stabilized by DMAEMA PNPs 

We have demonstrated the potential of PNP for stabilizing reversible heavy oil in 

water emulsions by phase behavior studies (Figure 3.6). The emulsion was prepared by 

probe sonication at room temperature and left still for overnight; a drop of emulsion was 

pasted on glass and observed under microscopy.   

As is shown, the bitumen oil was barely dispersed in DI water; and with the 

addition of 0.1 wt % linear DMAEMA polymer, oil drops still barely can be seen under 

microscope images. With the addition of 0.1 wt % DMAEMA PNP, dispersity of oil got 

greatly improved and an even distribution of micron-size oil drop was observed. This 

emulsion sample was stable and evenly distributed when observed after a month. And we 

assume this is because the PNPs that stabilized the emulsion and impede the droplet 

flocculation. The phase behavior studies showed well separated oil-water phases (Figure 

3.6d) after the pH of emulsion being lowered to pH=2. Under this condition, oil drops 

were only left with limited number of aggregated oil droplet.  
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Figure 3.6 Phase behavior study of oil/water emulsion prepared with probe 
sonicator and microscopy observations.  (a) crude oil in DI water with no addition. 
(b) crude oil in DI water with 0.1 wt % DMAEMA linear polymer at pH=7. (c) crude 
oil in DI water with 0.1 wt % DMAEMA PNP at pH=7. (d) crude oil in DI water with 
0.1 wt % DMAEMA PNP at pH=2. All samples were added with 15 mg crude oil and 
total volume of 15 mL solution, observed after stabilized for overnight. 

 

3.3.3. Carbon Number Analysis for Determination of Oil in Emulsion 

For a quantity study of the reversible emulsions, all samples in Figure 3.6 were 

characterized by carbon number analysis. And based on the bitumen chemical formula 

approximation of CnH2n, the total amount of recovered oil was able to be calculated, as 

shown in Table 3.2. Similar to its phase behavior studies, bitumen with DI 0.1 wt % 

DMAEMA linear polymer only brings less than 10 wt % oil solubilization. With the 

addition of 0.1 wt % DMAEMA PNPs, almost 80 wt % of crude oil became solubilized 

in oil-in-water emulsion. It is assumed that the low oil solubility with linear polymer 

addition is because of the instability of emulsions; the emulsion starts to break with a fast 
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rate once after it is formed. As pH is lowered to pH=2, emulsion stabilized by DMAEMA 

PNP breaks and the amount of solubilized oil decreases to below 10 wt %. 

Table 3.2 Total carbon concentration analysis and comparison between 0.1 wt % 
PNP and 0.1 wt % linear polymer, oil was added at 15 mg for a 15 mL of total 

solution. 

 

Item 
Total carbon 
concentration 

(mg/L) 

Solubilized 
crude oil 

(mg) 

Solubilized 
crude oil 

(%) 
                                                     0.1 wt % PNPs 
PNP with no oil at pH=7(stock) 355 N/A N/A 
PNP with oil at pH=7 1136 11.7 78.0 
PNP with oil at pH=2 425 1.1 7.3 
                                                     0.1 wt % Linear polymer 
Polymer with no oil at pH=7(stock) 665 N/A N/A 

Polymer with oil at pH=7  743 1.2 8.0 

Polymer with oil at pH=2 686 0.3 2.0 
 

3.3.4. IFT Approximation by Sessile Drop Method 

As a parallel study, we investigated the equilibrium IFT between crude oil and 

water with/without adding PNPs through a sessile drop analysis method. For the 

measurement of two phases IFT that is higher than 10 mN/m, pendant drop method is a 

much more commonly used method.95 However, the ultra-high viscosity of this bitumen 

at room temperature makes it very challenging and almost impossible for the pendant 

drop to be prepared through syringe injection and measurement to be taken. As an 

alternative method, sessile drop method has be reported and demonstrated to be able to 

calculate the interfacial tension by the measurement of the drop height, maximum radius 

and contact angle. And the method gives negligible errors when comparing with other 

methods.96 About 15 mg of bitumen oil was deposited onto the glass cell followed by a 
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filling of DI water or 0.1 wt % PNP solution at 80 ℃. The oil drop will deform as it is 

surrounded by aqueous solution and sessile drop image was taken by Krüss DSA100 

tensiometer. Size and angle parameters from drop image were fitted into the nonlinear 

functions by Dawe et al.(Figure 3.7).  

 

 

 

 

 

Figure 3.7 The sessile drop file of parameters  

C1-C8 are coefficients that vary with contact angle and their values were found in 

the Dawe paper;  #$ is the drop height and  %& is the dimensionless drop radius  that were 

read from the drop image. ∆ρ is the different in density between oil and water; g is the 

gravity constant. Interfacial tension γ  was calculated in Equation 4.1 after #&  was 

calculated from Equation 3.1,   
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Equation 3.1 Calculation for dimensionless height 
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Equation 3.2 Calculation for Interfacial Tension 
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With the addition of 0.1 wt % PNP at interface, there is a difference in 

deformation of oil drop. Accordingly, the IFT decreases from 27 mN/m to approximately 

14 mN/m. (Figure 3.8) And a lower IFT means easier mobility of oil with water flooding 

and enhanced solubility in water, although in this case the decrease in IFT is not 

significant Compared with a more direct pendant drop method for measurement of IFT, 

this is a relatively rough measurement.  

 

 

 

 

 

 

 

Figure 3.8 Interfacial tension between crude oil and water measurement by session 
drop: (a) IFT between oil and DI water is 27mN/m (b) IFT between oil and 0.1 wt % 

PNP solution is 14mN/m. 

3.4. Bitumen Oil Recovery Experiment with DMAEMAE PNPs 

The evaluation of EOR with PNP was conducted through a sandpack flooding 

study with a commonly used procedure97,98 and the setup of sandpack was reflected in 

Figure 3.9. Sand particle with size 106 to 250 μm was packed into a glass column. After 
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the column was prepared, the volume of liquid contained in the fully saturated column 

(pore volume) was calculated.  A syringe pump was used to keep constant flow rate 

through the column and effluent was collected at each pore volume (0.5 mL). A wire 

heating system was wrapped densely around the column to maintain the temperature of 

flow to be approximately at 80 ℃, as representation of reservoir condition. Water was 

injected through the column first and followed by bitumen oil flooding at 80 ℃. After oil 

flooding, the column should be oil rich and that represents the actual oil reservoir 

conditions. And the approximate composition of  30 wt % crude oil and 70 wt % sand 

was close to the composition of actual oil sand reported in Alberta, Canada.99 Two 

independent groups of flooding, one with DI water flooding and the other with 0.1 wt % 

PNP solution flooding were performed individually with two columns of the same oil 

composition. Collection series of effluent were shown in Figure 3.10. For DI water 

flooding, barely no bitumen seems to be recovered even after 40 pore volumes of 

flooding, while PNP flooding obviously shows recovered oil in a wide range of pore 

volumes. 

 

 

 

         Figure 3.9 Setup of sandpack studies 
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Figure 3.10 Effluent of sandpack flooding studies: (a) effluent of water flooding 
without DMAEMA PNPs (b) effluent of 0.1 wt % DMAEMA PNP flooding. Both 

flooding studies were conducted under external wire heating at 80℃. 

 

The effluents in each series of effluents were combined and total amount of 

carbon was determined through total carbon analysis. Based on the bitumen chemical 

formula approximation of CnH2n, the total amount of recovered oil was able to be 

calculated and listed in Table 3.3. Not surprisingly, the flooding of DI water barely 

recovered any bitumen, considering the ultra-high viscosity and ultra-low solubility. As 

comparison, 0.1 wt % PNP helps to mobilized and recover up to 10 wt % of crude oil in 

place. This demonstrates the applicability of PNP in the recovery of bitumen oil, 

considering the huge reserve of oil sand in the world and the low demand of PNP 

concentration.  
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Table 3.3 Crude oil recoverd by DI wate flooding and 0.1 wt % PNP solution flooding 

Item 
Total oil in 

column 
(mg) 

Oil recovery after 20 
pore volume 

(mg) 

Fraction of oil 
recovered 

(%) 
   Water flooding 
 

         806 2            <0.1 

   0.1 wt % PNP 
flooding 

822 81              9.9 
 

 

3.5. Discussion on Emulsification Between PNPs and Linear 

Polymer  

PNPs and branchy polymers (bottlebrush polymers, star polymers etc.) have lots 

of similarities such as larger size and denser local polymer side chains, when comparing 

with linear polymers. And these properties thermodynamically favor the stability of 

Pickering emulsions when they are used as emulsion stabilizer. The adsorption energy of 

colloid particles at oil-water interface scales with the square of the particle radius. Thus, a 

larger size means a stronger confine to the interface and it will require more energy input 

to go against the energy barrier.100 Aside from that, the attachment of multiple chains 

onto the nano surface brings a cooperative effect on the energy barrier of droplet 

coalescence.80 Polymer chains confined to the surface of two droplets and impede the 

process of film drainage. The mechanism and comparison of PNP and linear polymer 

stabilizing emulsion was illustrated in Figure 3.11.  
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Figure 3.11 Comparison between linear DMAEMA and DAMEAM PNPs in oil/water 
emulsion phase behavior at different pH. (top: linear DMAEMA; bottom: DMAEMA 
PNPs). 

3.6. Chapter Conclusion 

In this chapter, a well-designed DMAEMA PNP was prepared and used for the 

study of stabilizing oil in water Pickering emulsion. These highly dense polymer coatings 

will form a shell structure outside nanoparticle and lowers the interfacial tension between 

high viscosity crude oil and water at low concentration of 0.1 wt %. 

Sandpack oil recovery studies were performed under the actual reservoir 

temperature condition and actual oil/sand composition of Canada oil sand. It is 

demonstrated that the flooding of this low concentration (0.1 wt %) DMAEMA PNP 

solution was able to recover approximately 10 wt % of crude oil in place after injection. 
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Due to the pH responsiveness of this polymer coating, the simple adjust of pH 

will change the hydrophilicity of PNP as a whole, and that will in return decrease the 

stability of Pickering emulsion, which eventually to achieve the oil-water separation after 

oil recovery. 

Comparison of emulsion stabilization effect was performed between PNP and 

linear polymers, and PNP has been demonstrated a better emulsion stabilizer than linear 

polymer at low concentration of addition (0.1 wt %). This is because of the relative larger 

size of PNP and the cooperative effect of the high concertation polymer coating on the 

surface, which effectively impedes the approaching droplet from coalescence. 
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Chapter 4 

Interfacial Properties of Amphiphilic 

Bottlebrush Polymers  

In this chapter, we investigate the interfacial properties of a branched bottlebrush 

polymer family and its and self-assembly in aqueous solutions. We characterized the self-

assembly of bottlebrush copolymers at very low dilution and its ultra-low critical micelle 

concentration (CMC)  
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4.1. Chapter Introduction 

In the previous two chapters, I have introduced two kinds of polymer coated 

nanoparticles and some interesting interfacial properties based on these PNPs, as well as 

their potential for EOR. In PNPs, the attached polymer chains determine the surface 

activity. Similar to PNPs, branched polymers could also have dense polymer side chains 

branched off from the main chains, and we assume there being much similarity between 

the surface activity of branched polymers and PNPs. 

In this chapter, we have intensively investigated the surface activity and self-

assembly of a category of branched polymer, bottlebrush polymers. We will demonstrate 

in the following discussions that the bottlebrush polymers have a substantially lower 

CMC when comparing with its linear analogs. And we were also able to quantify the self-

assembly and phase behavior of a model library of amphiphilic bottlebrush block 

polymers through small-angle neutron scattering (SANS) measurements. 

4.1.1. Branched Polymers 

Branched polymers are polymers with groups of units branch off from the long 

polymer chain. These branches which can be very long groups of repeating structures are 

often referred to as side chains.101,102 Depending on how sided chains are branched off 

from the main chains, branching polymers can be further categorized. For example, 

polymers with multiple branches are known as dendrimers, and these dendrimers can 

form webbings when cooled down and this behavior helps to make the polymer strong in 

the ideal temperature range. When heated at high enough temperatures and temperature 
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vibration overcomes the attractive forces between the molecules, both linear and 

branched polymers get softened.103,104 

4.1.2. Bottlebrush Polymers 

Bottlebrush polymers have a single molecular conformation like a bottlebrush – 

polymeric side-chains densely grafted to a linear backbone extend radially outwards105 

(Figure 4.1). The unusual architectures of bottlebrushes provide a number of unique and 

potentially useful properties, distinct from linear polymers: they are surface active, and 

segregate to film surfaces and interfaces; they have a high entanglement molecular 

weight, enabling rapid self-assembly of bottlebrush block copolymers into large domain 

structures, the self-assembly of bottlebrush block copolymer micelles in a selective 

solvent even at very low dilutions, and the functionalization of bottlebrush side-chains for 

recognition, imaging, or drug delivery in aqueous environments.106–108 A number of 

bottlebrush polymer review and perspective articles have appeared over the last decade. 

A viewpoint article by Rzayev highlights the potential of bottlebrushes as building blocks 

for complex and functional materials.109 Sheiko, Matyjaszewski, and coworkers have 

provided a number of very informative reviews, both on bottlebrush synthesis and 

physical properties.110 A tutorial review by Hu, Huang, and coworkers discusses 

advances in the synthesis of graft and bottlebrush polymers.111 A review article by Chen 

discusses work related to materials with densely tethered polymers, including bottlebrush 

polymers, polymer-coated nanoparticles, and other brushy materials.112 Our group 

recently reviewed the novel properties exhibited by bottlebrush polymers.113–115 
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                                     Figure 4.1 Structure of bottlebrush polymers  

Bottlebrush polymers were first synthesized in the early 1980s, and early work 

was primarily focused on the development of polymer synthesis strategies.116 The 

application of controlled polymerization techniques - especially controlled radical 

polymerizations and ring-opening polymerizations - has enabled the preparation of 

bottlebrush polymers with a desired backbone and side-chain length and complex 

structures, including block copolymer and core-shell bottlebrushes. The field has also 

advanced significantly in the understanding of physical properties of bottlebrushes, and 

work is increasingly focused on bottlebrush assemblies in unique environments. 

Bottlebrush copolymers contain two (or more) different types of polymeric side-

chains. Recent work has explored the diverse properties and functions of bottlebrush 

copolymers in solutions, films, and melts, and applications explored include photonic 

materials, bottlebrush films for lithographic patterning, drug delivery, and tumor 

detection and imaging.117–119 

The solution self-assembly of bottlebrush copolymers has been of recent interest 

for their potential use in nanoparticle drug delivery and tumor imaging. While these 

studies have demonstrated the potential for bottlebrush block polymers to form large 
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(several hundred nanometer) micelles through aqueous self-assembly and their stability 

and low critical-micelle-concentrations (CMCs) a systematic study correlating molecular 

composition, self-assembly behavior, and CMC has not been reported. The objective of 

this project is to quantify the self-assembly and phase behavior of a model library of 

amphiphilic bottlebrush block polymers through small-angle neutron scattering (SANS) 

measurements. Surface tension measurements will be carried out in parallel. This work 

has answered or will answer the following scientific questions: 1) How does the size of 

the hydrophobic polymer block – which governs micelle aggregation number - influence 

micelle stability and size? 2) Does increasing the side-chain length have a significant 

impact on micelle size and shape? 3) How does the size of the hydrophilic block 

influence micelle stability? 4) Do amphiphilic bottlebrush block polymers enable control 

over both CMC and micelle size through tailoring molecular composition?  Small-angle 

neutron scattering experiments are particularly effective for analysis of polymer solution 

conformation and can provide information on micelle structure over a range of length 

scales.  

4.1.2.1. Different Synthesis Approaches of Bottlebrush Polymer 

In general, the synthesis of bottlebrush polymers is achieved with grafting-

through, grafting-from, and grafting-to approaches120 (Figure 4.2).  

Grafting-from synthesis was firstly reported by Beers et al. and it includes a 

controlled radical polymerization technique. In this approach, the bottlebrush backbone is 

synthesized first, and the side-chains are subsequently “grafted-from” the bottlebrush 

backbone. An advantage of the grafting-from approach is that bottlebrushes with very 
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long backbones can be prepared. The grafting density can also be controlled by co-

polymerizing two monomers during backbone synthesis.18 Also, block copolymer side-

chains can be incorporated in a straightforward way through sequential polymerization 

reactions, resulting in core-shell type bottlebrushes. A drawback of the synthesis is that 

protection and deprotection of functional groups is often required, increasing synthetic 

complexity. The preparation of mixed or bottlebrush block copolymers is possible using 

grafting-from, but three or more orthogonal polymerization chemistries (or protection-

deprotection steps) may be required.121 

The grafting-through synthesis approach starts with the preparation of reactive 

polymeric side-chains also known as macromonomers. The macromonomers are then 

polymerized to form a bottlebrush polymer, and different backbone lengths can be 

obtained by varying the relative concentration of macromonomer to catalyst or initiator 

during polymerization. Solution viscosities can be very high at moderate macromonomer 

concentrations due to the high molecular weight of the macromonomers, and therefore 

highly active catalysts are needed to achieve significant conversion and control over 

molecular weight. Early studies implemented free radical polymerization, but 

macromonomer conversion was low (30–80%). A series of bottlebrush polymers were 

produced using this technique and studied in solution. Ring opening metathesis 

polymerization (ROMP) of norbornenyl macromonomers has been shown to be an 

effective grafting-through synthesis strategy. Jha et al. first demonstrated the grafting 

through synthesis of bottlebrush polymers by ROMP. Subsequently, in 2008, Xia et al. 

reported the use of a highly-active ruthenium catalyst for achieving improved control 

over bottlebrush molecular weight and molecular weight dispersity.122 
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Finally, the grafting-to synthesis approach involves the preparation of the 

bottlebrush backbone and side-chains separately, followed by a ‘‘grafting-to’’ coupling 

reaction that attaches the side chains to the backbone. This approach faces some of the 

same challenges of the grafting-through approach, such as low reactivity of polymeric 

reagents, with the additional complication that the coupling reaction must overcome 

steric interactions between side-chains to achieve high grafting densities. As a result, 

grafting-to generally produces bottlebrush polymers with grafting densities of 60% or 

lower, although some examples of grafting efficiencies greater than 95% have been 

reported.38 Khan and coworkers reported an efficient grafting to procedure relying on 

thiol–epoxy coupling and giving grafting efficiencies in excess of 88%.123 

 

 

 

 

Figure 4.2 Examples of grafting-from, grafting-through, and grafting-to bottlebrush 
polymer synthesis approaches. (A) Schematic of a grafting-from synthesis (B) 
Schematic of a grafting-through synthesis (C) Example of a grafting-to synthesis 
approach  

 

4.2. Experimental Methods 

In this project in particular, a library of amphiphilic bottlebrush polymers with 

poly(styrene) (PS) and poly(4-acryloylmorpholine) (PACMO) has been synthesized by 
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reversible-fragmentation addition chain-transfer (RAFT) followed by ring-opening 

metathesis polymerization. In all cases, the chain-transfer agent (CTA) was removed 

from the final bottlebrush to improve water solubility. The structure of the bottlebrushes 

is shown in Figure 4.3 and their characteristics in Table 4.1. Across the 16 samples, both 

the backbone length of each block (PS and PACMO) and side-chain length are varied. 

The molecular weight dispersity is low (below 1.1) for all samples.   

 

 

 

 

 

Figure 4.3 Schematic for self-assembly of an amphiphilic bottlebrush block polymer 
with hydrophobic PS (red) and hydrophilic PACMO (blue) side-chains.  
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Table 4.1 Characteristics of amphiphilic bottlebrushes with PS and PACMO side-
chains prepared for SANS analysis. 

 

 

 

 

 

 

Gel-Permeation Chromatography (GPC). Polymer molecular weights and molecular 

weight polydispersities (PDIs) were obtained using an Agilent 1200 module equipped 

with three PSS SDV columns in series (100, 1000, and 10 000 Å pore sizes), an Agilent 

variable-wavelength UV/vis detector, a Wyatt technology HELEOS II multiangle laser 

light scattering (MALLS) detector (λ = 658 nm), and a Wyatt Technology Optilab reX RI 

detector. This system enables SEC with simultaneous refractive index (SEC-RI), UV/vis 

(SEC-UV/vis), and MALLS detection. THF was used as the mobile phase at a flow rate 

of 1 mL/min at 40 °C. For bottlebrush polymer synthesis, macromonomer conversion 

was determined by comparing the integrated areas corresponding to bottlebrush polymer 

and unreacted macromonomer. Bottlebrush polymer dn/dc values were calculated by 

assuming 100% mass recovery and correcting the injected mass to account for unreacted 

macromonomer. 

Small-angle Neutron Scattering. Small-angle Neutron Scattering (SANS) 

measurements was carried out on Sector CG-3 of Biological Small-Angle Neutron 
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Scattering Instrument (Bio-SANS), High Flux Isotope Reactor (HFIR) at Oak Ridge 

National Laboratory. The CG-3 provides access to the necessary q-range along with a 

multi-sample holder and temperature control. The overall q-range is between 0.0009 and 

1 Å-1. Model fitting was performed using IGOR PRO software and the Guinier-Porod 

model.124 Schematic of SANS is shown in Figure 4.4125 

 

 

 

 

         Figure 4.4 Schematic for SANS 

 

Critical Micelle Concentration (CMC) Measurement. In colloidal and surface 

chemistry, the critical micelle concentration (CMC) is defined as the concentration of 

surfactants above which micelles form and all additional surfactants add to the system go 

to micelles. Generally speaking, upon introduction of surfactants into the system, they 

will initially partition into the interface, reducing the system free energy by lowering the 

energy of the interface as well as removing the hydrophobic parts of the surfactant from 

contact with water. As the surface coverage by the surfactant increases, the surface 

tension decreases and the surfactants start aggregating into micelles. (Figure 4.5) The 

system’s free energy is decreased by decreasing the contact area of hydrophobic parts of 
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the surfactant with water. Upon reaching CMC, any further addition of surfactants will 

just increase the number of micelles.  

 

 

 

 

 

Figure 4.5 Surface tension of a surfactant solution with increasing concentration and 
determination of CMC 

 

The common procedure to determine the CMC from experimental data is to look 

for the intersection of two straight lines traced through plots of the measured property 

versus the surfactant concentration. 

CMC comparison between bottlebrush polymers and linear polymer 

Bottlebrush polymer micelles were prepared by solvent exchange dialysis method 

with dialysis bags (MWCO=3500). 50 mg bottlebrush polymer was firstly dissolve in 2 

mL of THF and then transferred into dialysis bags. Solvent exchange was performed with 

running DI water for 7 days and after-dialysis solution was stored as stock solution. 

Surface tension was characterized from low concentration to high concentration with the 

addition of stock solution. A force tensiometer (Krüss K100) was used to measure the 

surface tension of bottlebrush micelle. The CMC results from the intersection between 



 82 

 

the regression straight line of linearly independent region and the straight line passing 

through the plateau. Figure 4.6 shows some of the CMC plots in our bottlebrush polymer 

series and their comparison with linear polymers. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 (a)-(e) CMC of a series of PS-PACMO bottlebrush polymer (f) CMC of PS-
PACMO diblock copolymer 

 

And from Figure 4.6, it is easy to tell that the CMC of PS-PACMO bottlebrush 

polymer is in the range of 10-40 mg/L. As comparison, CMC of linear PS-PACMO 

polymer is over 100 mg/L. The lower CMC of bottlebrush polymer can be explained by 
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the high entanglement molecular weight that favors the formation of micelles; also, 

compared with linear polymers, the branched structure would have larger volume space 

at unit molecule weight and that allows the surface area fully taken up at lower polymer 

concentrations and bottlebrush polymers aggregate in bulk solution. 

Morphology of bottlebrush polymers in good solvent by SANS analysis 

SANS measurements were carried out on solutions of bottlebrush polymer at 1 

wt % in deuterated toluene (d8-tol), a good solvent for both PS and PACMO side chains 

as well as the polynorbornene backbone. SANS analysis was performed over a q range of 

0.001 Å-1 up to approximately 0.4 Å-1. This broad q range provides information on the 

structure of bottlebrush polymers on multiple length scales. Roughly, the low-q region (q 

= 0.001-0.02 Å-1) gives information on the overall size of the bottlebrush polymer, the 

mid-q region (q = 0.02 - 0.1 Å−1) provides information about the cross-sectional size and 

stiffness, and the high-q region (q > 0.1 Å−1) is indicative of thermal fluctuations on the 

molecular level. (Figure 4.7)126 

 

 

 

 

Figure 4.7 low-q, mid-q and high-q regions in SANS plot 
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The slope at low q provides information on polymer conformation. Plateaus 

indicate globular or spherical particles. Alternatively, an increasing slope at low q 

indicates an elongated shape. In some cases, a sharp upturn at very low q (q < 0.07 Å−1) 

reflects the presence of polymer aggregates. To obtain a quantitative measure of the 

bottlebrush solution size and conformation, SANS data were first fit to a Guinier-Porod 

model (Figure 4.8). This is an empirical model applicable to objects of arbitrary shape 

and provides an estimate of the radius of gyration, Rg, and dimension parameter, s.  

As shown in Table 4.2, results from the Guinier−Porod model give Rg values in 

the range of 100−350 Å for PS-PACMO bottlebrush polymers studied. This is close to 

the expect range for the overall size of bottlebrush polymers with large backbone DPs. As 

concluded from Table 4.2, among each fours samples with same side chain length (for 

example M416, M417, M418 and M419), the Rg estimate from the Guinier−Porod model 

trends with the PS: PACMO ratios and generally increases as the portion of PACMO 

increases. And we can conclude that Guinier-Porod model provides a good estimate of 

the overall size of the molecule. This is further supported by comparison with model 

fitting using dimension parameters, as discussed below.  

Dimension parameter s reflects the shape of the molecule: s = 0 corresponds to a 

spherical molecule, and s = 1 indicates that the molecule is elongated or rod-like. As 

shown in Figure 4.8 and Table 4.2, the dimension parameter is relatively lower for 

bottlebrush polymers with higher PS ratio, and increases significantly with the decrease 

of PS ratio (the increase of PACMO ratio). Dimension parameter s can be increased from 

very low value 0.01 to approximately 1 as the backbone DP ratio of PS: PMMA increases 

from 75:75 to 15:135. Thus, the Guinier-Porod model indicates an increasing bottlebrush 
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polymer radius with increasing PACMO ratio and increasing polymer elongation with 

increasing PACMO. 

 

 

 

 

 

Figure 4.8 SANS scattering intensity for PS-PACMO bottlebrush polymer series 

 

Table 4.2 Overall size and dimension parameters for PS-PACMO bottlebrush 
polymer series by Guinier-Porod model 

sample Theoretical DP Rg (Å) s 

M422 SCDEFACDEF  N.A. N.A. 
M423 SDHEFAIHHEF  230.91 0.164 

M424 SJHEFAIEHEF  256.88 0.511 

M425 SIDEFAIJDEF  185.64 1 

M416 SCDKFACDKF  241.41 0.405 
M417 SDHKFAIHHKF  268.13 0.511 

M418 SJHKFAIEHKF  271.63 0.854 

M419 SIDKFAIJDKF  341.31 0.992 

M412 SCDEFACDKF  273.86 0.098 
M413 SDHEFAIHHKF  284.55 0.347 

M414 SJHEFAIEHKF  254.79 1 

M415 SIDEFAIJDKF  N.A. 1 

M426 SCDKFACDEF  277.41 0.006 
M427 SDHKFAIHHEF  225.29 0.017 

M428 SJHKFAIEHEF  241.27 0.057 

M429 SIDKFAIJDEF  284.34 0.245 
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4.3. Chapter Conclusion 

The work in this chapter can be seen as a continuity of the nanopaticle interfacial 

properties work in Chapter 2 and Chapter 3. In this chapter, we investigate the interfacial 

properties of a category of polymer in branched polymer family: bottlebrush polymer and 

its and self-assembly in aqueous solutions. 

A series of amphiphilic diblock PS-PACMO bottlebrush copolymers have been 

prepared by reversible-fragmentation addition chain-transfer (RAFT) followed by ring-

opening metathesis polymerization. The backbone has four kinds of PS:PACMO ratios 

combined with four side chain molecular weight ratios of 2k:2k, 4k:4k, 2k:4k, 4k:2k.  

The polymers are able to form stable micelles in water at low concentrations 

through solvent dialysis methods. We characterized the self-assembly of bottlebrush 

copolymers at very low dilution and demonstrated its ultra-low critical micelle 

concentration (CMC). 

 With the aid of advanced neutron source at ORNL, we were also able to quantify 

the self-assembly and phase behavior of a model library of amphiphilic bottlebrush block 

polymers through small-angle neutron scattering (SANS) measurements. And the ratio of 

PS:PACMO block has been shown to affect the overall size and dimension parameters in 

a good solvent. 

 

 



 87 

 

 

Chapter 5 

General Conclusions and Suggestion 

for Future Work  
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This thesis investigated a number of laboratory-made novel polymeric 

materials and their surface properties, including their stabilizing reversible oil-in 

water macroemuslions, their segregation into microemulsion and stabilizing 

microemulsion. What is also covered is the self-assembly of amphiphilic bottlebrush 

polymers in aqueous solution and ultra-low CMC. All these studies based on these 

polymeric materials have potential application in EOR process. In some cases like 

the reversible emulsification with DMAEMA PNPs, the study is completely 

developed and an enhanced oil recovery of bitumen heavy oil has been reported. In 

some other cases, at least a fundamental study is accomplished, and that will help 

future studies on understanding the interfacial properties of polymeric materials 

and EOR. 

The originality and contributions in this thesis can be summarized in the 

following aspects: 

1. Demonstrated that properly designed amphiphilic polymer-coated nanoparticles 

spontaneously and preferentially segregate to the bicontinuous micro-emulsion phases of 

oil-water-surfactant system and able to stabilize microemulsions. What was also 

demonstrated is the feasibility of application for X-ray scattering techniques in the study 

of microemulsion structures. 

Mixtures of hydrophilic and hydrophobic chains are covalently grafted onto the 

surface of oxidized carbon black nanoparticles and the polymer-coated nanoparticles are 

stable in the aqueous phase at salinities up to 15 wt % NaCl. These amphiphilic 

nanoparticles segregate to the bicontinuous micro-emulsion phases. We analyzed the 
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equilibrium phase behavior of the nanoparticles, measured the interfacial tension, and 

quantified the domain spacing in the presence of nanoparticles. This work shows a novel 

route to the design of polymer-coated nanoparticles which are stable at high salinities and 

preferentially segregate to bicontinuous micro-emulsion phases.  

For future studies, we expect systematic studies of a polymer coated nanoparticle 

that does lower the interfacial tension on order of tens of mN/m and its influence on 

micro-emulsion in the presence of a surfactant. The coating of nanoparticle with more 

surface active chains, as well as the tailoring of size of PNPs to be larger or smaller, are 

to be studied for the preparation of PNPs that bring lower interfacial tensions. 

2. Developed and demonstrate stimuli-responsive PNPs that can be used to 

stabilize and break oil/water emulsions by the variation of pH. And I accomplished a set 

of studies that eventually enhanced the bitumen crude oil recovery by 10 wt %.  

Silica particles with poly(dimethyl ethyl acrylamide) (DMAEMA) chains 

covalently grafted to the surface are prepared through a reversible addition fragmentation 

chain transfer (RAFT) grafting-through technique. We demonstrated that DMAEMA 

PNPs can be used to stabilized Pickering emulsions of high viscosity Canadian bitumen 

from oil sand at additive concentration as low as 0.1 wt % and at a neutral pH. The 

performance of the DMAEMA PNPs exceeds that of pure DMAEMA homopolymer 

additive or of just water with no additive. By reducing the pH of the aqueous solution, the 

interfacial activity of the DMAEMA decreases and the emulsion is destabilized, allowing 

the heavy oil to coagulate and settle. We demonstrate sandpack flooding experiments 

using 0.1 wt % DMAEMA PNPs as additives and find that the nanoparticles are able to 



 90 

 

 

recover approximately 10 wt % of the heavy crude oil in place. This work demonstrates 

the applicability of PNPs as surface active materials for EOR process and for heavy oil 

transportation. 

For future studies, I suggest a thorough microfluidic flowing study to fully 

investigate the detailed process of bitumen recovery in porous media. Although we have 

successfully demonstrated a enhanced oil recovery with addition of PNPs, the process 

and role of PNPs in porous media haven’t been fully revealed. It could be emulsion 

stabilized combined with IFT reduction or wettability alternation, but has to be visualized 

and demonstrated. 

3. Extensively investigated the self-assembly and phase behavior of a model 

library of amphiphilic bottlebrush block polymers through small-angle neutron scattering 

(SANS) measurements. And this study also revealed the relationship between polymer 

structure and its assembly behavior in solution. And the ultra-low CMC of bottlebrush 

polymer compared with linear analogy was first time reported by us.  

A series of amphiphilic diblock PS-PACMO bottlebrush copolymers have been 

prepared by reversible-fragmentation addition chain-transfer (RAFT) followed by ring-

opening metathesis polymerization. The polymers are able to form stable micelles in 

water at low concentrations through solvent dialysis methods. We characterized the self-

assembly of bottlebrush copolymers at very low dilution and demonstrated its ultra-low 

critical micelle concentration (CMC). We were also able to quantify the self-assembly 

and phase behavior of a model library of amphiphilic bottlebrush block polymers through 

small-angle neutron scattering (SANS) measurements. And the ratio of PS:PACMO 
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block has been shown to affect the overall size and dimension parameters in a good 

solvent. 

For future works, I would first suggest a thorough microscopy, i.e. cryo-

electron microscopy study of polymer micelles to couple with the SANS studies we 

have accomplished so far. The advantage of cryo-TEM is that it makes the 

visualization of micelle possible, and it would perfectly reproduce the state of 

micelle in solution. With the combination of cryo-TEM studies and SANS study, we 

would have a clearer picture of bottlebrush polymer micelle behaviors. Secondly, 

since this works so far is some fundamental study of polymer assembly, I would 

suggest some active search of actual application with this study, for example crude 

oil emulsification or drug delivery. 

   



 92 

 

 

References 

1.     https://www.eia.gov/todayinenergy/detail.php?id=12251 

2.     U.S. Energy Information Administration's recently released International Energy 

Outlook 2016 (IEO2016) 

3. Thomas, S. Enhanced Oil Recovery - An Overview. Oil & Gas Science and 

Technology - Rev. IFP 63, 9–19 (2008). 

4. Blunt, M., Fayers, F. J. & Orr, F. M. Carbon dioxide in enhanced oil recovery. 

Energy Conversion and Management 34, 1197–1204 (1993). 

5. S, H. Secondary oil recovery. (Google Patents, 1974). 

6. Szabo, M., Martin, F., Boothe, J. & Sharpe, A. Secondary oil recovery process. 

(Google Patents, 1973). 

7. Alvarado, V. & Manrique, E. Enhanced Oil Recovery: An Update Review. 3, (2010). 

8. Harnoy, G. N., Gatt, S. & Barenholtz, Y. Enhanced oil recovery. (Google Patents, 

1989). 

9. Brandt, A. R. & Unnasch, S. Energy Intensity and Greenhouse Gas Emissions from 

Thermal Enhanced Oil Recovery. Energy Fuels 24, 4581–4589 (2010). 

10. Blunt, M., Fayers, F. J. & Orr, F. M. Carbon dioxide in enhanced oil recovery. 

Energy Conversion and Management 34, 1197–1204 (1993). 

11. Wang, W., Liu, Y. & Gu, Y. Application of a Novel Polymer System in Chemical 

Enhanced Oil Recovery (EOR). Colloid and Polymer Science 281, 1046–1054 

(2003). 



 93 

 

 

12. Krishnamoorti, R. Extracting the Benefits of Nanotechnology for the Oil Industry. 

SPE-1106-0024-JPT (2006). doi:10.2118/1106-0024-JPT 

13. Ehtesabi, H., Ahadian, M. M., Taghikhani, V. & Ghazanfari, M. H. Enhanced 

Heavy Oil Recovery in Sandstone Cores Using TiO2 Nanofluids. Energy Fuels 28, 

423–430 (2014). 

14. Sun, Q. et al. Utilization of Surfactant-Stabilized Foam for Enhanced Oil Recovery 

by Adding Nanoparticles. Energy Fuels 28, 2384–2394 (2014). 

15. Sun, Q. et al. Utilization of Surfactant-Stabilized Foam for Enhanced Oil Recovery 

by Adding Nanoparticles. Energy Fuels 28, 2384–2394 (2014). 

16. Hashemi, R., Nassar, N. N. & Pereira Almao, P. Enhanced Heavy Oil Recovery by 

in Situ Prepared Ultradispersed Multimetallic Nanoparticles: A Study of Hot Fluid 

Flooding for Athabasca Bitumen Recovery. Energy Fuels 27, 2194–2201 (2013). 

17. Zamani, A., Maini, B. & Pereira-Almao, P. Flow of nanodispersed catalyst particles 

through porous media: Effect of permeability and temperature. Can. J. Chem. Eng. 

90, 304–314 (2012). 

18. Pye, D. J. Improved Secondary Recovery by Control of Water Mobility. SPE-845-

PA (1964). doi:10.2118/845-PA 

19. Gogarty, W. B. Mobility Control With Polymer Solutions. SPE-1566-B (1967). 

doi:10.2118/1566-B 

20. Dyes, A. B., Caudle, B. H. & Erickson, R. A. Oil Production After Breakthrough as 

Influenced by Mobility Ratio. SPE-309-G (1954). doi:10.2118/309-G 



 94 

 

 

21. Yu, J., An, C., Mo, D., Liu, N. & Lee, R. L. Foam Mobility Control for 

Nanoparticle-Stabilized Supercritical CO2 Foam. in SPE-153336-MS (Society of 

Petroleum Engineers, 2012). doi:10.2118/153336-MS 

22. Hendraningrat, L., Li, S. & Torsæter, O. A coreflood investigation of nanofluid 

enhanced oil recovery. Journal of Petroleum Science and Engineering 111, 128–138 

(2013). 

23. Parvazdavani, M., Masihi, M. & Ghazanfari, M. H. Monitoring the influence of 

dispersed nano-particles on oil–water relative permeability hysteresis. Journal of 

Petroleum Science and Engineering 124, 222–231 (2014). 

24. Al-Anssari, S., Barifcani, A., Wang, S., Maxim, L. & Iglauer, S. Wettability 

alteration of oil-wet carbonate by silica nanofluid. Journal of Colloid and Interface 

Science 461, 435–442 (2016). 

25. Binks, B. P. & Lumsdon, S. O. Influence of Particle Wettability on the Type and 

Stability of Surfactant-Free Emulsions. Langmuir 16, 8622–8631 (2000). 

26. Zhang, H., Nikolov, A. & Wasan, D. Enhanced Oil Recovery (EOR) Using 

Nanoparticle Dispersions: Underlying Mechanism and Imbibition Experiments. 

Energy Fuels 28, 3002–3009 (2014). 

27. Binks, B. P. & Lumsdon, S. O. Pickering Emulsions Stabilized by Monodisperse 

Latex Particles:  Effects of Particle Size. Langmuir 17, 4540–4547 (2001). 

28. Binks, B. Binks, B. P. Particles as surfactants-similarities and differences. Curr. 

Opin. Colloid Interface Sci. 7, 21-41. 7, (2002). 

29. Binks, B. P. & Rodrigues, J. A. Enhanced Stabilization of Emulsions Due to 

Surfactant-Induced Nanoparticle Flocculation. Langmuir 23, 7436–7439 (2007). 



 95 

 

 

30. Binks, B. P., Rodrigues, J. A. & Frith, W. J. Synergistic Interaction in Emulsions 

Stabilized by a Mixture of Silica Nanoparticles and Cationic Surfactant. Langmuir 

23, 3626–3636 (2007). 

31. Yoon, K. Y. et al. Effect of Adsorbed Amphiphilic Copolymers on the Interfacial 

Activity of Superparamagnetic Nanoclusters and the Emulsification of Oil in Water. 

Macromolecules 45, 5157–5166 (2012). 

32. Bagaria, H. G. et al. Adsorption of iron oxide nanoclusters stabilized with 

sulfonated copolymers on silica in concentrated NaCl and CaCl2 brine. Journal of 

Colloid and Interface Science 398, 217–226 (2013). 

33. Xue, Z. et al. Effect of grafted copolymer composition on iron oxide nanoparticle 

stability and transport in porous media at high salinity. Energy & Fuels 28, (2014). 

34. Foster, L. M. et al. High Interfacial Activity of Polymers “Grafted through” 

Functionalized Iron Oxide Nanoparticle Clusters. Langmuir 30, 10188–10196 

(2014). 

35. Kim, D. & Krishnamoorti, R. Interfacial Activity of Poly[oligo(ethylene oxide)–

monomethyl ether methacrylate]-Grafted Silica Nanoparticles. Ind. Eng. Chem. Res. 

54, 3648–3656 (2015). 

36. Villamizar, L. C., Lohateeraparp, P., Harwell, J. H., Resasco, D. E. & Shiau, B. J. B. 

Interfacially Active SWNT/Silica Nanohybrid Used In Enhanced Oil Recovery. in 

SPE-129901-MS (Society of Petroleum Engineers, 2010). doi:10.2118/129901-MS 

37. Villamizar, L. C., Lohateeraparp, P., Harwell, J. H., Resasco, D. E. & Shiau, B. J. 

Dispersion Stability and Transport of Nanohybrids through Porous Media. 

Transport in Porous Media 96, 63–81 (2013). 



 96 

 

 

38. Cui, M., Emrick, T. & Russell, T. P. Stabilizing Liquid Drops in Nonequilibrium 

Shapes by the Interfacial Jamming of Nanoparticles. Science 342, 460 (2013). 

39. Mirshahghassemi, S. & Lead, J. R. Oil Recovery from Water under 

Environmentally Relevant Conditions Using Magnetic Nanoparticles. Environ. Sci. 

Technol. 49, 11729–11736 (2015). 

40. Palchoudhury, S. & Lead, J. R. A Facile and Cost-Effective Method for Separation 

of Oil–Water Mixtures Using Polymer-Coated Iron Oxide Nanoparticles. Environ. 

Sci. Technol. 48, 14558–14563 (2014). 

41. ShamsiJazeyi, H., Miller, C. A., Wong, M. S., Tour, J. M. & Verduzco, R. Polymer-

coated nanoparticles for enhanced oil recovery. J. Appl. Polym. Sci. 131, 40576-

40588 (2014). 

42. Ravera, F., Santini, E., Loglio, G., Ferrari, M. & Liggieri, L. Effect of Nanoparticles 

on the Interfacial Properties of Liquid/Liquid and Liquid/Air Surface Layers. J. 

Phys. Chem. B 110, 19543–19551 (2006). 

43.   Holmberg, K.; Jönsson, B.; Kronberg, B.; Lindman, B. Surfactants and Polymers in 

Aqueous Solution; John Wiley and Sons: Chichester, West Sussex, England, 2002 

44.   Fanun, M. Microemulsions: Properties and Applications; Taylor and Francis: Boca 

Raton, FL, 2008 

45. McClements, D. J. Nanoemulsions versus microemulsions: terminology, differences, 

and similarities. Soft Matter 8, 1719–1729 (2012). 

46. Liu, S., Miller, C. A., Li, R. F. & Hirasaki, G. Alkaline/Surfactant/Polymer 

Processes: Wide Range of Conditions for Good Recovery. SPE-113936-PA (2010). 

doi:10.2118/113936-PA 



 97 

 

 

47.   Jiang, Z. GIXSGUI is available for download: 

http://www.aps.anl.gov/Sectors/Sector8/Operations/GIXSGUI.html. 

48. Cui, Z.-G., Cui, Y.-Z., Cui, C.-F., Chen, Z. & Binks, B. P. Aqueous Foams 

Stabilized by in Situ Surface Activation of CaCO3 Nanoparticles via Adsorption of 

Anionic Surfactant. Langmuir 26, 12567–12574 (2010). 

49. Limage, S. et al. Rheology and Structure Formation in Diluted Mixed 

Particle−Surfactant Systems. Langmuir 26, 16754–16761 (2010). 

50. Worthen, A. J., Bryant, S. L., Huh, C. & Johnston, K. P. Carbon dioxide-in-water 

foams stabilized with nanoparticles and surfactant acting in synergy. AIChE J. 59, 

3490–3501 (2013). 

51. Binks, B. P., Kirkland, M. & Rodrigues, J. A. Origin of stabilisation of aqueous 

foams in nanoparticle-surfactant mixtures. Soft Matter 4, 2373–2382 (2008). 

52. Wolf, L., Hoffmann, H., Talmon, Y., Teshigawara, T. & Watanabe, K. Cryo-TEM 

imaging of a novel microemulsion system of silicone oil with an anionic/nonionic 

surfactant mixture. Soft Matter 6, 5367–5374 (2010). 

53. Huh, C. Interfacial tensions and solubilizing ability of a microemulsion phase that 

coexists with oil and brine. Journal of Colloid and Interface Science 71, 408–426 

(1979). 

54. Puerto, M. C. & Gale, W. W. Estimation of Optimal Salinity and Solubilization 

Parameters for Alkylorthoxylene Sulfonate Mixtures. SPE-5814-PA (1977). 

doi:10.2118/5814-PA 

55. Teubner, M. & Strey, R. Origin of the scattering peak in microemulsions. The 

Journal of Chemical Physics 87, 3195–3200 (1987). 



 98 

 

 

56. Strey, R. Microemulsion microstructure and interfacial curvature. Colloid and 

Polymer Science 272, 1005–1019 (1994). 

57. Bitumen and heavy crudes: the energy security problem solved? Oil and Energy 

Trends 31, 3–6 (2006). 

58.   U.S. Energy Information Administration, International Energy Statistics, accessed 3 

Sept. 2016. 

59.   http://www.capp.ca/canadian-oil-and-natural-gas/oil-sands/what-are-oil-sands 

60. Ma, Y. & Li, S. Study of the Characteristics and Kinetics of Oil Sand Pyrolysis. 

Energy Fuels 24, 1844–1847 (2010). 

61. Hamedi Shokrlu, Y. & Babadagli, T. Effects of Nano-Sized Metals on Viscosity 

Reduction of Heavy Oil/Bitumen During Thermal Applications. in SPE-137540-MS 

(Society of Petroleum Engineers, 2010). doi:10.2118/137540-MS 

62. Shah, A. et al. A review of novel techniques for heavy oil and bitumen extraction 

and upgrading. Energy Environ. Sci. 3, 700–714 (2010). 

63. Farkish, A. & Fall, M. Rapid dewatering of oil sand mature fine tailings using super 

absorbent polymer (SAP). Minerals Engineering 50–51, 38–47 (2013). 

64. Irani, M. & Ghannadi, S. Understanding the Heat-Transfer Mechanism in the 

Steam-Assisted Gravity-Drainage (SAGD) Process and Comparing the Conduction 

and Convection Flux in Bitumen Reservoirs. SPE-163079-PA (2013). 

doi:10.2118/163079-PA 

65.   Johannes, A., Sungyun H. Current Overview of Cyclic Steam Injection Process. 

Journal of Petroleum Science Research 2, 116-127 (2013)_ 



 99 

 

 

66. Hirasaki, G., Miller, C. A. & Puerto, M. Recent Advances in Surfactant EOR. SPE-

115386-PA (2011). doi:10.2118/115386-PA 

67. Flaaten, A., Nguyen, Q. P., Pope, G. A. & Zhang, J. A Systematic Laboratory 

Approach to Low-Cost, High-Performance Chemical Flooding. in SPE-113469-MS 

(Society of Petroleum Engineers, 2008). doi:10.2118/113469-MS 

68. Flaaten, A. K., Nguyen, Q. P., Zhang, J., Mohammadi, H. & Pope, G. A. 

Alkaline/Surfactant/Polymer Chemical Flooding Without the Need for Soft Water. 

SPE-116754-PA (2010). doi:10.2118/116754-PA 

69. Dong, M., Ma, S. & Liu, Q. Enhanced heavy oil recovery through interfacial 

instability: A study of chemical flooding for Brintnell heavy oil. Fuel 88, 1049–

1056 (2009). 

70. Cheraghian, G. & Hendraningrat, L. A review on applications of nanotechnology in 

the enhanced oil recovery part A: effects of nanoparticles on interfacial tension. 

International Nano Letters 6, 129–138 (2016). 

71. Binks, B. P. & Lumsdon, S. O. Pickering Emulsions Stabilized by Monodisperse 

Latex Particles:  Effects of Particle Size. Langmuir 17, 4540–4547 (2001). 

72. Binks, B. P. Particles as surfactants—similarities and differences. Current Opinion 

in Colloid & Interface Science 7, 21–41 (2002). 

73. Binks, B. P. & Rodrigues, J. A. Enhanced Stabilization of Emulsions Due to 

Surfactant-Induced Nanoparticle Flocculation. Langmuir 23, 7436–7439 (2007). 

74. Binks, B. P., Rodrigues, J. A. & Frith, W. J. Synergistic Interaction in Emulsions 

Stabilized by a Mixture of Silica Nanoparticles and Cationic Surfactant. Langmuir 

23, 3626–3636 (2007). 



 100 

 

 

75. Yoon, K. Y. et al. Effect of Adsorbed Amphiphilic Copolymers on the Interfacial 

Activity of Superparamagnetic Nanoclusters and the Emulsification of Oil in Water. 

Macromolecules 45, 5157–5166 (2012). 

76. Xue, Z. et al. Effect of grafted copolymer composition on iron oxide nanoparticle 

stability and transport in porous media at high salinity. Energy & Fuels 28, (2014). 

77. Qi, L. et al. Segregation of Amphiphilic Polymer-Coated Nanoparticles to 

Bicontinuous Oil/Water Microemulsion Phases. Energy Fuels 31, 1339–1346 

(2017). 

78. Cui, M., Emrick, T. & Russell, T. P. Stabilizing Liquid Drops in Nonequilibrium 

Shapes by the Interfacial Jamming of Nanoparticles. Science 342, 460 (2013). 

79. Palchoudhury, S. & Lead, J. R. A Facile and Cost-Effective Method for Separation 

of Oil–Water Mixtures Using Polymer-Coated Iron Oxide Nanoparticles. Environ. 

Sci. Technol. 48, 14558–14563 (2014). 

80. Saigal, T., Dong, H., Matyjaszewski, K. & Tilton, R. D. Pickering Emulsions 

Stabilized by Nanoparticles with Thermally Responsive Grafted Polymer Brushes. 

Langmuir 26, 15200–15209 (2010). 

81. Toor, A., Feng, T. & Russell, P. T. Self-assembly of nanomaterials at fluid 

interfaces. The European Physical Journal E 39, 1–13 (2016). 

82. Kainz, Q. M. & Reiser, O. Polymer- and Dendrimer-Coated Magnetic Nanoparticles 

as Versatile Supports for Catalysts, Scavengers, and Reagents. Acc. Chem. Res. 47, 

667–677 (2014). 

83. Moad, G., Rizzardo, E. & Thang, S. H. Radical addition–fragmentation chemistry in 

polymer synthesis. Polymer 49, 1079–1131 (2008). 



 101 

 

 

84. Salerno, K. M., Ismail, A. E., Lane, J. M. D. & Grest, G. S. Coating thickness and 

coverage effects on the forces between silica nanoparticles in water. The Journal of 

Chemical Physics 140, 194904 (2014). 

85. Ohno, K., Morinaga, T., Koh, K., Tsujii, Y. & Fukuda, T. Synthesis of 

Monodisperse Silica Particles Coated with Well-Defined, High-Density Polymer 

Brushes by Surface-Initiated Atom Transfer Radical Polymerization. 

Macromolecules 38, 2137–2142 (2005). 

86. Suleimanov, B. A., Ismailov, F. S. & Veliyev, E. F. Nanofluid for enhanced oil 

recovery. Journal of Petroleum Science and Engineering 78, 431–437 (2011). 

87. Zhang, H., Nikolov, A. & Wasan, D. Enhanced Oil Recovery (EOR) Using 

Nanoparticle Dispersions: Underlying Mechanism and Imbibition Experiments. 28, 

(2014). 

88. Ravera, F., Santini, E., Loglio, G., Ferrari, M. & Liggieri, L. Effect of Nanoparticles 

on the Interfacial Properties of Liquid/Liquid and Liquid/Air Surface Layers. J. 

Phys. Chem. B 110, 19543–19551 (2006). 

89. Hashemi, R., Nassar, N. N. & Pereira Almao, P. Enhanced Heavy Oil Recovery by 

in Situ Prepared Ultradispersed Multimetallic Nanoparticles: A Study of Hot Fluid 

Flooding for Athabasca Bitumen Recovery. Energy Fuels 27, 2194–2201 (2013). 

90. Espinoza, D. A., Caldelas, F. M., Johnston, K. P., Bryant, S. L. & Huh, C. 

Nanoparticle-Stabilized Supercritical CO2 Foams for Potential Mobility Control 

Applications. in SPE-129925-MS (Society of Petroleum Engineers, 2010). 

doi:10.2118/129925-MS 



 102 

 

 

91. Hendraningrat, L., Li, S. & Torsæter, O. A coreflood investigation of nanofluid 

enhanced oil recovery. Journal of Petroleum Science and Engineering 111, 128–138 

(2013). 

92. Al-Anssari, S., Barifcani, A., Wang, S., Maxim, L. & Iglauer, S. Wettability 

alteration of oil-wet carbonate by silica nanofluid. Journal of Colloid and Interface 

Science 461, 435–442 (2016). 

93. Binks, B. P., Philip, J. & Rodrigues, J. A. Inversion of Silica-Stabilized Emulsions 

Induced by Particle Concentration. Langmuir 21, 3296–3302 (2005). 

94. Dickson, J. L., Binks, B. P. & Johnston, K. P. Stabilization of Carbon Dioxide-in-

Water Emulsions with Silica Nanoparticles. Langmuir 20, 7976–7983 (2004). 

95. Hansen, F. . & Rødsrud, G. Surface tension by pendant drop: I. A fast standard 

instrument using computer image analysis. Journal of Colloid and Interface Science 

141, 1–9 (1991). 

96. Coucoulas, L. M. & Dawe, R. A. The calculation of interfacial tension from sessile 

drops. Journal of Colloid and Interface Science 103, 230–236 (1985). 

97. Ding, B., Zhang, G., Ge, J. & Liu, X. Research on Mechanisms of Alkaline 

Flooding for Heavy Oil. Energy Fuels 24, 6346–6352 (2010). 

98. Liu, S. et al. Favorable Attributes of Alkaline-Surfactant-Polymer Flooding. SPE-

99744-PA (2008). doi:10.2118/99744-PA 

99. Mojelsky, T. W. et al. Structural features of Alberta oil sand bitumen and heavy oil 

asphaltenes. Energy Fuels 6, 83–96 (1992). 

100. Pieranski, P. Two-Dimensional Interfacial Colloidal Crystals. Phys. Rev. Lett. 45, 

569–572 (1980). 



 103 

 

 

101. Burchard, W. Static and dynamic light scattering from branched polymers and 

biopolymers. in Light Scattering from Polymers 1–124 (Springer Berlin Heidelberg, 

1983). doi:10.1007/3-540-12030-0_1 

102. Bywater, S. Preparation and properties of star-branched polymers. in Physical 

Chemistry 89–116 (Springer Berlin Heidelberg, 1979). doi:10.1007/3-540-09199-

8_2 

103. Yuan, W., Yuan, J., Zhou, M. & Sui, X. Synthesis, characterization, and thermal 

properties of dendrimer-star, block-comb copolymers by ring-opening 

polymerization and atom transfer radical polymerization. J. Polym. Sci. A Polym. 

Chem. 44, 6575–6586 (2006). 

104. Fahmi, A. et al. Converting Self-Assembled Gold Nanoparticle/Dendrimer 

Nanodroplets into Horseshoe-like Nanostructures by Thermal Annealing. Langmuir 

23, 7831–7835 (2007). 

105. Verduzco, R., Li, X., Pesek, S. L. & Stein, G. E. Structure, function, self-assembly, 

and applications of bottlebrush copolymers. Chem. Soc. Rev. 44, 2405–2420 (2015). 

106. Miki, K. et al. High-Contrast Fluorescence Imaging of Tumors In Vivo Using 

Nanoparticles of Amphiphilic Brush-Like Copolymers Produced by ROMP. Angew. 

Chem. Int. Ed. 50, 6567–6570 (2011). 

107. Li, Z., Ma, J., Lee, N. S. & Wooley, K. L. Dynamic Cylindrical Assembly of 

Triblock Copolymers by a Hierarchical Process of Covalent and Supramolecular 

Interactions. J. Am. Chem. Soc. 133, 1228–1231 (2011). 



 104 

 

 

108. Miki, K. et al. Influence of Side Chain Length on Fluorescence Intensity of ROMP-

Based Polymeric Nanoparticles and Their Tumor Specificity in In-Vivo Tumor 

Imaging. Small 7, 3536–3547 (2011). 

109. Rzayev, J. Molecular Bottlebrushes: New Opportunities in Nanomaterials 

Fabrication. ACS Macro Lett. 1, 1146–1149 (2012). 

110. Sheiko, S. S., Sumerlin, B. S. & Matyjaszewski, K. Cylindrical molecular brushes: 

Synthesis, characterization, and properties. Progress in Polymer Science 33, 759–

785 (2008). 

111. Feng, C. et al. Well-defined graft copolymers: from controlled synthesis to 

multipurpose applications. Chem. Soc. Rev. 40, 1282–1295 (2011). 

112. Chen, Y. Shaped Hairy Polymer Nanoobjects. Macromolecules 45, 2619–2631 

(2012). 

113. Li, X., Prukop, S. L., Biswal, S. L. & Verduzco, R. Surface Properties of 

Bottlebrush Polymer Thin Films. Macromolecules 45, 7118–7127 (2012). 

114. Li, X. et al. Thermoresponsive PNIPAAM bottlebrush polymers with tailored side-

chain length and end-group structure. Soft Matter 10, 2008–2015 (2014). 

115. Mitra, I. et al. Thin Film Phase Behavior of Bottlebrush/Linear Polymer Blends. 

Macromolecules 47, 5269–5276 (2014). 

116. Masson, P., Franta, E. & Rempp, P. Synthèse et homopolymérisation de 

macromères de polystyrène. Die Makromolekulare Chemie, Rapid Communications 

3, 499–504 (1982). 



 105 

 

 

117. Miyake, G. M., Piunova, V. A., Weitekamp, R. A. & Grubbs, R. H. Precisely 

Tunable Photonic Crystals From Rapidly Self-Assembling Brush Block Copolymer 

Blends. Angew. Chem. Int. Ed. 51, 11246–11248 (2012). 

118. Zhang, Y. et al. PEG-Polypeptide Dual Brush Block Copolymers: Synthesis and 

Application in Nanoparticle Surface PEGylation. ACS macro letters 2, 809–813 

(2013). 

119. Rzayev, J. Synthesis of Polystyrene−Polylactide Bottlebrush Block Copolymers and 

Their Melt Self-Assembly into Large Domain Nanostructures. Macromolecules 42, 

2135–2141 (2009). 

120. Lee, H., Pietrasik, J., Sheiko, S. S. & Matyjaszewski, K. Stimuli-responsive 

molecular brushes. Progress in Polymer Science 35, 24–44 (2010). 

121. Bolton, J. & Rzayev, J. Tandem RAFT-ATRP Synthesis of Polystyrene–

Poly(Methyl Methacrylate) Bottlebrush Block Copolymers and Their Self-

Assembly into Cylindrical Nanostructures. ACS Macro Lett. 1, 15–18 (2012). 

122. Xia, Y., Kornfield, J. A. & Grubbs, R. H. Efficient Synthesis of Narrowly Dispersed 

Brush Polymers via Living Ring-Opening Metathesis Polymerization of 

Macromonomers. Macromolecules 42, 3761–3766 (2009). 

123. Gao, H. & Matyjaszewski, K. Synthesis of Molecular Brushes by “Grafting onto” 

Method:  Combination of ATRP and Click Reactions. J. Am. Chem. Soc. 129, 6633–

6639 (2007). 

124. Hammouda, B. A new Guinier–Porod model. J. Appl. Cryst. 43, 716–719 (2010). 

125.  http://www.ncnr.nist.gov/programs/sans/ 



 106 

 

 

126. Pesek, S. L., Li, X., Hammouda, B., Hong, K. & Verduzco, R. Small-Angle Neutron 

Scattering Analysis of Bottlebrush Polymers Prepared via Grafting-Through 

Polymerization. Macromolecules 46, 6998–7005 (2013). 

 



 107 

 

 

 


