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Abstract
Emulsions exhibit great utility in a wide variety of industries, ranging from
food, cosmetics, drugs, polishes, and agriculture to paving materials, paints,
coatings,

photography,

and

electrically

and

thermally

insulating

materials.

Surfactants stabilize these emulsions by creating a barrier to coalescence of the
constituent droplets. In the case of molecular surfactants, this stabilization is
achieved by lowering the interfacial tension in a mixture whereas colloidal or particle
surfactants prevent coalescence via steric stabilization of the interface. The type of
emulsion formed is dictated by the surfactant’s preference to be dispersed or the
particle’s preference to be wetted by one phase over the other. Emulsions of both
the surfactant- and particle-stabilized varieties can be very useful in providing
templates for polymerization reactions.

Poly(dimethylsiloxane) (PDMS) (two-dimensional) and glass capillary (threedimensional) microfluidic devices provide the means produce complex multiple

emulsions. By taking advantage of well-defined channels and flow parameters,
monodisperse multiple emulsions can be made that can later be converted into
synthetic polymer vesicles, or polymersomes. These polymersomes can be used for
flavor protection, drug delivery, or protein storage. This dissertation presents a new
robust capillary microfluidic device that utilizes a polymer scaffold and fully
interchangeable parts that make it extremely versatile for any parameter that an
experiment dictates. The flow regimes in the device are characterized by analyzing
drop size and the encapsulation profiles are investigated. Double emulsions
encapsulating single or multiple droplets are produced and subsequently dialyzed
into polymersomes with great levels of control. The emulsion-stabilizing ability of
poly(vinyl alcohol) (PVA) is studied by analysis of the expulsion rates of the inner
drop from the double emulsion. By observing double emulsions sinking through a
column of water as well as suspended on a stationary pedestal, the stability and
expulsion rates could be determined while the double emulsions continued to
dialyze. It is shown that even by increasing the viscosity of the organic phase or
better matching the densities of the organic and aqueous phases, the absence of
PVA renders the double emulsions far less stable.

Graphene oxide (GO) is used as a solid surfactant to stabilize a styrene-inwater emulsion system to template the suspension polymerization of polystyrene
particles. The effect of GO concentration and mixing time on the sphere size is
analyzed, and it is shown that only the available amount of surfactant, and not the
emulsification process, will dictate the final particle size. The importance of

divinylbenzene (DVB) as a crosslinker in the suspension polymerization is also
studied, elucidating its effect in stabilizing the emulsion by quickly increasing the
viscosity and maintaining a spherical morphology in the mixture. Lastly, chemical
and physical modifications are performed on the GO and the subsequent effects on
the emulsification ability and suspension polymerization products are investigated.
GO sheets are functionalized with trimethylsilyl (TMS) groups and analyzed by
thermal gravimetric analysis (TGA) and Fourier Transform Infrared Spectroscopy
(FTIR). By making the surface of the GO sheets hydrophobic, a phase-inversion is
generated in the emulsion system. Subsequent polymerization of the styrene phase
produces a porous solid composite rather than a GO-coated polystyrene powder.
Lastly, a single batch of GO is fractionated according to degree of oxidation, and it is
shown that the graphitic character dictates the shape of the emulsion droplets and
subsequently the polystyrene particles that are produced.
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Chapter 1: Introduction to Surfactants and
Emulsions

1.1

Outline
The focus of this dissertation is non-traditional emulsion systems and,

specifically, how they can be applied to different aspects of polymer science. After a
general background of surfactants and emulsions, the first part of this dissertation
addresses water-in-oil-in-water (w/o/w) double emulsions, particularly their use as a
template for the formation of synthetic polymer vesicles, or polymersomes. Chapter
2 addresses the history of polymersomes and the use of microfluidics as a means to
better control their production. Chapter 3 introduces a new, robust capillary
microfluidic device that can be used to produce these double emulsions and
polymersomes. Chapter 4 investigates the role of polyvinyl alcohol (PVA) in the
stability of double emulsions and other ways in which the lifetime of those double
emulsions can be prolonged.

The second part of the dissertation shifts the focus to solid-stabilized
emulsions, called Pickering emulsions. An introduction into solid and colloidal
surfactants is presented in Chapter 5, where the utility of graphene oxide as an
emulsifying agent is discussed. Chapter 6 introduces a study in which graphene
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oxide is used to template a suspension polymerization reaction, particularly the
factors that affect the properties of that emulsion system. Finally, Chapter 7
investigates the effects of chemical and physical modifications to graphene oxide
and, in particular, the effect on the types of emulsions that it can stabilize.

1.2

Surfactants
The term “surfactant” is a widely used abbreviation for “surface active agent,”

which refers to a substance that is active at a surface. The name comes from the
tendency for surfactants to adsorb to an interface or a surface (if one of those
phases is a gas). This dissertation focuses primarily on liquid/liquid interfaces. The
ability of a surfactant to adsorb onto an interface is driven by a tendency to lower the
free energy of that interface. Surfactant molecules covering an interface decrease
the surface tension, or the amount of work required to expand the interface. A good
surfactant should have the lowest solubility possible in both bulk phases; the best
surfactants are only soluble at the oil-water interface. These compounds are highly
efficient in reducing the interfacial tension of a mixture, but can be difficult to work
with, due to their insolubility.1

1.2.1 Classic Surfactants
Classic surfactants tend to be amphiphilic, in that they consist of at least two
parts, one of which is soluble in water, or hydrophilic, and one is insoluble in water,
or hydrophobic. The hydrophobic portion is usually a branched or linear alkyl chain.
2

The hydrophilic head group is usually at one end of that alkyl chain and may be ionic
or non-ionic. The most energetically favorable orientation for these molecules at an
interface is one where each part of the molecule resides in the environment for
which it has the greatest affinity. The primary classes of classical surfactants are
shown in Figure 1-1. For non-ionic surfactants, the size of the head group can vary
widely. For ionic surfactants, however, the size of the head group tends to be fixed.

Figure 1-1: Classical surfactant structures containing (a) nonionic, (b) anionic, (c) cationic, and
(d) zwitterionic head groups

Surfactants can be used to selectively alter the wettability of a solid surface.
When adsorbed in an orientation in which the hydrophobic tail groups point away
from or along the surface, there will be a decrease in water-wetting and an increase
in oil-wetting. However, if the polar head group is pointing away from the surface, an
increase in the water-wetting ability will be observed.2
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1.2.2 Micelles
When dispersed in solution, surfactants tend to form aggregates called
micelles. The formation of micelles, called micellization, is an alternate mechanism
to adsorption at an interface. Micellization removes hydrophobic groups from contact
with water, thus reducing the free energy of the system. This is an important
phenomenon because surfactant molecules can only contribute to surface and
interfacial tension lowering when present as free unimers in solution, rather than as
aggregates. Micelles, on the other hand, can be thought of as reservoirs of
surfactant unimers.1 The formation of micelles is somewhat of a compromise
between the tendency for alkyl chains to avoid energetically unfavorable contact with
water and the desire for the polar moieties to maintain contact with an aqueous
environment.2

The concentration at which micelles start to form in solution is called the
critical micelle concentration, or CMC. Surfactants can be used to stabilize interfaces
when dissolved or dispersed in solutions at concentrations below the CMC, thus
allowing the individual molecules to remain in solution.1 The CMC is a property of
the surfactant itself and several other factors, primarily temperature, pressure, and
the presence and nature of any additives. A low CMC can be produced by
increasing the molar mass of the hydrophobic moiety, lowering the temperature, or
adding an electrolyte.2 While commonly referred to as a single critical concentration,
the transition between unimers and micelles actually occurs over a narrow range of
concentrations.
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The physico-chemical properties of surfactants can vary greatly both above
and below the CMC.3 For example, below the CMC, the physico-chemical properties
of ionic surfactants resemble those of a strong electrolyte. However, above the
CMC, these properties change dramatically, suggesting that the ionic head groups
become highly associated with each other. The properties that show the most
significant changes with deviation from the CMC are electrical conductivity, ion
activity, and viscosity.4 The CMC values are an important characteristic in all
industrial surfactant applications, from mineral processing to the formulation of food
and personal care products, as well as drug delivery systems. Typically, the
surfactant must be present at a concentration much higher than the CMC because
the surfactant’s greatest utility tends to be achieved when a significant concentration
of micelles is present. The surfactant has an effect in interfacial tension lowering,
emulsification, suspension stabilization, as a delivery vehicle, or in promoting foam
stability. If the surfactant concentration continues to increase far beyond the CMC,
the micelles will begin to self-assemble in solution to form liquid crystals.

1.2.3 Optimal Curvature
Another important property of a surfactant is its optimal curvature, which
results from counteracting forces at either side of an interface: attractions between
hydrophobic tails on the oil side and repulsions between hydrophilic heads on the
water side. The “optimal curvature” is the curvature of the interface at which the free
energy is at a minimum. This has inspired concepts such as the hydrophilic-lipophilic
5

balance numbers for a surfactant’s application to emulsions.5 Another important
property of a surfactant film is its “flexibility,” or its ability to depart from the optimal
curvature. Rigid surfactants have strongly hydrophilic head groups and long,
hydrophobic tails that strongly adsorb at interfaces and efficiently lower the
interfacial tension.6 Short-chained molecules tend to be flexible surfactants, in that
they allow for curvature fluctuations when aggregating at an interface. Bistable
surfactants are those that can assume two distinct states with different optimal
curvatures, corresponding to two energy minima.7 The general free energy diagrams
for these three classes of surfactants are shown in Figure 1-2.

Figure 1-2: Sketch of the free energy of curvature for rigid, flexible, and bistable surfactants
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1.2.4 Polymeric Surfactants
Polymeric surfactants have shown great utility in the past as a component of
many types of systems, including coatings, agrochemicals, pharmaceuticals,
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personal care products, ceramics, and detergents.8 Homopolymers, such as
poly(ethylene oxide) or poly(vinyl pyrrolidone) tend to have little surface activity at
the oil/water interface, but may adsorb significantly to a solid/liquid interface. The
most common forms of polymeric surfactants are block copolymers, a linear
arrangement of polymer segments with varied monomer composition consisting of
two or three blocks, similar to those shown schematically in Figure 1-3.

Figure 1-3: Conventional forms of A-B diblock as well as A-B-A and A-B-C triblock
copolymers

Among the most widely used triblock polymeric surfactants are the Pluronic®
family of block copolymers. Pluronic® surfactants are A-B-A triblock copolymers
consisting of two A blocks of poly(ethylene oxide) (PEO) and one B block of
7

poly(propylene oxide) (PPO). An alternative to block copolymer surfactants is an
amphiphilic graft copolymer consisting of a hydrophobic (or hydrophilic) polymeric
backbone with several hydrophilic (or hydrophobic) polymer chains extending off the
main chain.9 This type of copolymer is synthesized by grafting a hydrophilic
macromonomer with hydrophobic pendant chains or vice versa.

1.2.5 Hydrophile-Lipophile Balance
The hydrophile-lipophile balance (HLB) is a dimensionless empirical value
that is often used to anticipate the behavior of a particular surfactant at an oil-water
interface. The HLB value is an indicator of the characteristics of a surfactant as an
emulsifier, the form of emulsion, either oil-in-water or water-in-oil, but reveals nothing
about its efficiency in stabilizing that particular type of emulsion.2 The scale ranges
from 0-20 for non-ionic surfactants. A low HLB (<9) refers to a lipophilic (oil-soluble)
surfactant and a high HLB (>11) indicates a hydrophilic (water-soluble) surfactant.
Ionic surfactants, on the other hand, tend to have HLB values greater than 20.
Sodium dodecyl sulfate, for instance, has an HLB value of 40.

The solubility of any compound varies by temperature, and the same holds for
surfactants. As a result, the HLB also changes with temperature, meaning that that a
surfactant may stabilize oil-in-water emulsions at a low temperature and water-in-oil
emulsions at high temperatures, or vice versa. This transition temperature is known
as the phase inversion temperature, or PIT. At the PIT, the hydrophilic and lipophilic
natures of the surfactant are essentially the same. In general, surfactants are
8

chosen such that the PIT is far from the expected storage and use temperatures of
the desired emulsion formulation.2

In many cases, an emulsifying agent is preferentially wetted by one of the
phases. More of the agent can be accommodated at the interface if that interface is
convex toward that phase, thus resulting in that phase becoming the continuous
phase. This is called the “Oriented-Wedge Theory” when discussing solid particles
and surfactants as emulsifying agents. In reference to surfactant molecules, it is
often referred to as Bancroft’s rule. The phase in which the surfactant is more easily
dissolved or dispersed will be the continuous phase. Preferential solvation on the oil
side of the interface will result in the hydrophobic domain taking up a larger area
than the hydrophilic domain so that the interface will curve around the water phase,
and vice versa.10 As a general rule, surfactants that are oil-soluble will form water-inoil emulsions and water-soluble surfactants will form oil-in-water emulsions. This
phenomenon is depicted in Figure 1-4.
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Figure 1-4: The two primary types of emulsions. (a) When the surfactant is more readily dispersed in water, an oil-in-water
(O/W) emulsion will form. (b) When the surfactant is more readily dispersed in oil, a water-in-oil (W/O) emulsion will be formed.

Phase inversion of emulsions can be achieved in surfactant-stabilized
systems by changing the oil/water volume ratio, but typically only in systems
containing surfactant as well as a cosurfactant, which is added to make the
emulsification process more effective. Phase inversion is accompanied by dramatic
changes in the properties of the emulsion, particularly viscosity and drop size. It is
believed that the spontaneous curvature of the mixed surfactant-cosurfactant layer
around the drops changes with the oil/water ratio due to a change in the composition
of the layer after partitioning between the bulk phases is complete. At this point, one
emulsion type becomes more favored over the other as the volume fraction of one of
the phases is gradually increased.10 Conversely, in emulsion formulations stabilized
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by only one surfactant, inversion does not occur. Instead, high internal phase gel
emulsions form upon increasing the volume fraction of the dispersed phase.11

1.3

Emulsions
Emulsions are colloidal dispersions in which one liquid is dispersed in a

continuous liquid phase of a different composition.2 The dispersed phase is the
internal phase, whereas the continuous phase is the external phase. Two main types
of emulsions can be produced, depending on which kind of liquid forms the
continuous phase. Oil droplets dispersed in water are referred to as oil-in-water
(O/W) emulsions, while water droplets dispersed in oil form water-in-oil (W/O)
emulsions. Oil-in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W) double
emulsions can also be formed, though are less commonly used industrially.12–15
Various types of emulsions are shown in Figure 1-5. Most emulsions are not
thermodynamically stable and therefore contain an emulsifying agent (or stabilizer),
which is usually a surfactant, macromolecule, or finely divided solid. Emulsifying
agents are usually needed to make the emulsion easier to form or to prevent an
existing emulsion from breaking.
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Figure 1-5: (Upper) The two simplest kinds of emulsions, oil-in-water (O/W) and
water-in-oil (W/O). (Lower) The next level of complexity, water-in-oil-in-water (W/O/W)
2

and oil-in-water-in-oil (O/W/O) double emulsions.

1.3.1 Preparation of Emulsions
There are three basic routes to prepare emulsions. The most common
method is shearing a mixture of the two immiscible liquids, which leads to the
elongation and rupture of the droplets into smaller ones. Simply shaking the mixture
will often form an emulsion, but without some kind of emulsifying agent, the emulsion
will be relatively unstable. A second method of emulsification is based on a
temperature quench applied to a micro emulsion. Most emulsions will not form
spontaneously upon contact of the two phases due solely to thermodynamics. Some
systems, however, may meet the necessary criteria to undergo a third process,
12

called autoemulsification. This occurs spontaneously when the two contacting
phases have very low surface tension, which allows capillary undulations to extend
their amplitude leading to the detachment of small droplets from one phase into the
other.16

While blending a mixture of two immiscible fluids will form an emulsion, the
stability of that emulsion is typically very low in the absence of an emulsifying agent.
Emulsifying agents are comprised of one or more of the following: inorganic
electrolytes, surfactants, macromolecules, or finely divided solids. The emulsifying
agent will either reduce interfacial tension, thus facilitating the formation of small
droplets, or stabilize small droplets against coalescence, which forms larger drops.
The process of coalescence consists of the rupture of the film between two adjacent
droplets and is a precursor to phase separation.16

The emulsifying agent is usually dispersed in one of the phases, the second
phase is then added, and shear is applied using either high-speed mixing or
vigorous agitation. In the case of oil-in-water emulsions, the agitation must be
turbulent and is crucial to the production of sufficiently small droplets. In cases of
water-in-oil emulsions where the oil phase is the more viscous phase, it is usually
necessary to add the aqueous phase slowly to prevent flocculation.2 The traditional
methods of emulsion preparation lead to uncontrollable and wide drop-size
distributions, which is caused by the uneven stirring and shaking process throughout
the entire mixture. To alleviate this, the droplets of the dispersed phase are often
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extruded through a pipette into a flowing continuous phase. Squeezing a dispersion
of larger droplets through a small capillary tip at high pressure results in a high
amount of shear so that large drops can break up into smaller droplets.

1.3.2 Emulsion Stabilization
Emulsions stabilized by surfactant molecules are not thermodynamically
stable, but barriers acting against flocculation and coalescence give rise to kinetic
stability of the emulsions. It has also been shown that an energy barrier to
coalescence of two drops can arise, caused by the influence of the curvature
properties of the surfactant layers on the growth of a neck joining two adjacent
drops.17 The lifetime of an emulsion is governed entirely by a surfactant’s ability to
prevent nucleation of a channel between two adjacent droplets.16 Surfactants assist
in forming and stabilizing emulsions by lowering interfacial tension, increasing
surface elasticity, increasing electric double layer repulsion (in the case of ionic
surfactants) and increasing surface viscosity. Surfactants that can form interfacial
films have a two-fold stabilization effect in emulsions by both lowering the interfacial
energy and increasing the interfacial viscosity. The latter of these two phenomena
provides mechanical resistance to droplet coalescence.2

To stabilize an emulsion against flocculation, coalescence, and Ostwald
ripening (discussed in section 1.3.3), the following criteria must be met: (1) Complete
coverage of the droplets and/or particles by the surfactant. Any bare patches could
result in flocculation due to van der Waals attraction or bridging across the interface.
14

(2) Strong adsorption of the surfactant molecule to the surface of the droplet and/or
particle. (3) Strong solvation of the stabilizing moiety of the surfactant to provide
effective steric stabilization. (4) Growth of a sufficiently thick layer of adsorbed
material to prevent weak flocculation.8 Polymeric surfactants, particularly amphiphilic
block copolymers, tend to be most effective for meeting these criteria. One chain
must be insoluble in the continuous phase and soluble in the dispersed phase and
the other chain must be highly soluble and strongly solvated by the continuous
phase molecules.

1.3.3 Coarsening of Emulsions
Coarsening, or the onset of phase separation, of emulsions can originate from
either Ostwald ripening or coalescence. When the oil and water phases are very
poorly miscible, the diffusion of one phase into or through the other is suppressed,
and the coarsening will only result from coalescence. However, when there is a
limited but finite solubility of the dispersed phase in the continuous phase, Ostwald
ripening may occur, driven by the difference in Laplace pressure between droplets
having different radii.16 Immediately after emulsification, changes in the size of the
dispersed droplets may begin. Smaller droplets tend to have greater solubility,
causing them to disperse while the dissolved material is transferred to the larger
species. As a result, the larger droplets will grow while the smaller droplets will
shrink. Surfactants and/or polymers adsorbed at the interface reduce the rate of
Ostwald ripening by hindering the rate of incorporation of new molecules into the
dispersed species. However, this only applies when the surfactant is present at a
15

concentration below the CMC. Above the CMC, there can actually be an increase in
the rate of Ostwald ripening, a phenomenon which is often taken advantage of in
emulsion and suspension polymerization processes.2

1.3.4 Practical and Industrial Applications of Emulsions
Emulsion systems have exhibited great utility in a wide range of industries.
Some emulsion formulations include insecticides and herbicides, polishes, drugs,
biological systems, and paving materials, as well as paints, lacquers, varnishes, and
electrically and thermally insulating materials.2 They are particularly useful in the
food and cosmetic industries because of their rheological properties which can vary
from an essentially Newtonian-type liquid to an elastic solid.16 Double emulsions
have applications in cosmetics, agriculture, food, photography, leather, and drug
delivery.18 Anti-foaming capabilities, both permanent and temporary, allow for the
use of emulsions in foods, cosmetics, pharmaceuticals, paper production, water
treatment, and mineral beneficiation.2 Emulsions are also used in viscosity
modification, where a reduction in the viscosity will allow an oil to flow. One of the
most crucial applications of emulsions is to clean large oil spills by dispersing the oil
into a water column, where it can be collected away from sensitive shorelines.

1.4

Suspension and Emulsion Polymerization
Suspension and emulsion polymerization are two types of heterogeneous

polymerization. They are often used over traditional bulk polymerization methods
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due to easy temperature control, low dispersion viscosity, low levels of impurities in
the polymer product, low separation costs, and collection of the final product in
particle form.19 The high degree of temperature control arises from the fact that in
small drops, the surface area to volume ratio is relatively high such that the rate of
heat transfer to the aqueous solution is increased.20

In a suspension polymerization system, the goal is to produce a dispersion of
monomer droplets in the aqueous phase that is as uniform as possible while also
controlling coalescence of these droplets during the polymerization process.19 The
monomer is dispersed in water as 50-500 µm droplets, and a surfactant is often
used to prevent the coalescence of the droplets. The concentration of the surfactant
is often less than 0.1% (w/w) of the aqueous phase. These surfactants rarely form
micelles in solution and the two-phase system requires constant agitation to be
maintained.4 The surfactant molecules prevent coalescence by forming a protective
film at the interface. Increasing the surfactant concentration continues to improve the
elastic properties of the drops until a critical surface coverage is attained, after which
any further increase in concentration has very little effect on drop stability.20 The
interfacial tension of the oil and aqueous phase, the degree of agitation, and the
design of the stirrer/reactor system govern the dispersion of the monomer droplets.19
The initiators used are soluble in the monomer droplets such that each individual
droplet is considered its own miniature bulk polymerization system.4
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A large variation in the range of the dispersed phase viscosity is often
observed when the polymer remains miscible with its monomer, as an initially lowviscosity liquid is converted gradually into a viscous polymer and eventually a solid
particle.19 At the intermediate stage where the polymer exists as a tacky material,
the surfactant plays a large role in preventing coalescence, as agglomeration would
be widespread throughout the dispersed phase. The size distribution of the resulting
particles depends on the monomer type, the viscosity change of the dispersed
phase with time, the type and concentration of the surfactant, and the agitation
conditions.

Emulsion polymerization has a distinct advantage over bulk polymerization
techniques due to its unique mechanism, which affords it the ability to
simultaneously attain both high molecular weights and high reaction rates.4,21 These
benefits result from the distribution of radicals among different particles, therefore
preventing termination between radical species.21 Emulsion polymerizations typically
require a much higher surfactant concentration than suspension polymerizations,
often in the range of 1-5% (w/w). As a result, the droplets are often much smaller.
The higher surfactant concentration causes the majority of surfactant molecules to
form micelles. A significant aspect that distinguishes this technique from a
suspension polymerization is the presence of a water-soluble initiator as opposed to
an oil-soluble one. Polymerization occurs almost exclusively in the micelles, rather
than in the dispersed monomer droplets due to there being orders of magnitude
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more micelles than monomer droplets, and thus much greater chance a radical will
diffuse into a micelle than into a monomer droplet.4

In some cases, water-insoluble initiators can be used to limit the diffusional
degradation of the monomer droplets.22 However, most oil-soluble initiators exhibit
some water solubility, which causes the formation of radicals in both the polymer
particles and in the aqueous phase; a debate exists about the true mechanism. One
side posits that the formation of two radicals in the polymer particles will suffer from
instantaneous termination due to being constrained to a small volume. Therefore,
only the radicals generated in the aqueous phase will effectively initiate
polymerization.23 The other side contends that the rate of diffusion of the newly
formed radicals out of the polymer particle is greater than the rate of termination,
preventing immediate termination.24
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Part 1: Microfluidics, Double Emulsions, and
Polymersomes
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Chapter 2: Microfluidic Generation of Double
Emulsions as Templates for Polymersome
Production

2.1

Microfluidics and Double Emulsions
2.1.1 Introduction to Microfluidics
Microfluidics is an interdisciplinary field, combining physics, engineering, and

chemistry, that focuses on the behavior, control, and manipulation of fluids on very
small length scales. Typically, systems in this field incorporate fluid flows on the
nanoliter and picoliter range. At such small volumes, the surface interactions begin
to dominate the properties of the fluids such that surface tension and fluidic
resistance monopolize their behavior. Traditionally, applications of microfluidics in
fields such as biotechnology involve lab-on-a-chip technology, where small channels
are etched in glass and/or silicon or patterned on a master of poly(dimethylsiloxane),
or PDMS. These channels are typically even shallower than they are narrow, which
makes the fluid flow in these devices essentially two-dimensional. The extremely
small sizes of these channels allow experiments to be performed using very low flow
rates. Channels have been etched in PDMS masters to induce drop break-up by
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merging immiscible fluids at T-junctions,12 and by flowing immiscible fluids past
isolated obstacles.25

2.1.2 Flow Regimes
Fluid flows in microfluidic devices are characterized by two distinct flow
regimes. The first flow regime, known as the dripping regime, is analogous to a
leaking faucet. As shown in Figure 2-1, drops form at the end of the inner capillary
and expand until they reach a size at which the drag due to the co-flowing liquid
exceeds the interfacial tension of the droplet. The inner flow rate, Q, is kept low
enough as to not develop a jet. In the absence of a jet, the drops grow spherically
until the net force acting on the drop exceeds zero and the separation from the
capillary tip begins. So long as the flow rates are kept constant, this flow regime
results in highly monodisperse droplets because the point at which the droplet
detaches from the capillary tip remains the same.26

Figure 2-1: Dripping Regime
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The second flow regime, shown in Figure 2-2, is known as the jetting regime.
It is characterized by higher flow rates than the dripping regime, which generates
shear between two immiscible fluids, resulting in the lengthening of a jet. Drop
22

breakup in the jetting regime results from the fact that the perturbations in the jet will
result in slightly thinner regions, characterized by increased Laplace pressure, which
forces the fluid in the jet toward either side of the pinched region. This pressure
increases until ultimately, the size of the pinched region reaches zero, and the
stream breaks up into drops.26

Figure 2-2: Jetting Regime
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The transition between dripping and jetting is characterized by two distinct
cases. The first case is driven by the outer flow rate where, by increasing the outer
flow rate, drops formed at the capillary tip decrease in size until a jet is formed. In
this particular case, drop breakup occurs downstream at the end of the jet. The
second case of dripping-jetting transition is driven by the flow rate of the inner fluid.
As the inner flow rate, much higher in this case than the outer flow rate, is increased
the drop is pushed downstream and ultimately pinched off at the end of the jet. The
drop at the end of the jet fills rapidly, and the slow flow rate of the outer fluid creates
very little viscous drag. As a result, it takes much more time for the drop to grow
large enough to break off, resulting in larger drops despite being in the jetting
regime.26
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2.1.3 PDMS-based Microfluidic Devices
Two-dimensional microfluidics, based on channels etched in PDMS, have
been employed to make double emulsions formed at T-junctions. In this approach,
two immiscible fluid flows meet at a T-junction, resulting in one flow shearing across
the other and causing a droplet to break off.12 Fluid streams can also be focused and
made to break up into drops by flowing an immiscible fluid through a four-way
intersection.28,29 Utilizing Y-junctions and pitchfork configurations, a flow focusing
effect

similar

to

that

of

the

four-way

intersections

can

be

achieved.30

Representations of these devices are outlined in Figure 2-3. While PDMS based
microfluidics afford flexibility in channel design and allow for convenient monitoring
of the fluid systems, there are several drawbacks. PDMS is not compatible with
many organic solvents, such as chloroform and most alkanes, as these solvents
lead to swelling of the PDMS. Furthermore, these devices have proven to be
susceptible to irreversible clogging.
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Figure 2-3: Common configurations of two-dimensional microfluidic devices used to produce double emulsions. a) T-Junction
configuration where one fluid flows across an oncoming immiscible fluid, with droplets shearing off at the junction
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b) Cross-

Section configuration showing one fluid focusing a second immiscible fluid, pinching it off into monodisperse droplets
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c) A

pitchfork configuration can be used to create double emulsions with very small inner droplets by focusing the flow from multiple
directions

30

2.1.4 Glass Capillary Microfluidic Devices
Glass capillary, or three-dimensional microfluidics, is a variation of the same
concepts used in two-dimensional lab-on-a-chip technology and has provided an
alternate method for generating complex multiple emulsions. Glass is more versatile
due to its solvent resistance so that a wider variety of fluids can be used and the
ease with which the surface properties can be modified. Furthermore, these glass
capillaries can be heated and pulled to a fine point, often single microns in diameter.
Devices based on glass capillaries utilize either co-flow or flow focusing
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configurations. Co-flow devices have all the flows traveling in the same direction,
whereas flow focusing uses opposing flows.

In flow focusing, a square capillary, with an inner side length equal to the
outer diameter of a round capillary, is used as a scaffold. Two of the round
capillaries are used, one inserted into each end of the square capillary. The two
round capillaries, an inlet tube and an outlet tube, are secured inside the square
capillary such that they are aligned on the same axis.27,31 An inner aqueous fluid is
then introduced through a round capillary at one end, and an organic fluid is
introduced through the open corners of the square capillary at the same end. At the
other end, the open corners of the square capillary are used to introduce an
aqueous flow, creating an organic/aqueous interface where the outer flows from the
opposite ends meet. The other round capillary serves as the fluid exit. The result is a
water-in-oil emulsion as the fluid flow from the opposite end of the device
hydrodynamically focuses the two coaxial streams, breaking them up into small
droplets.27 The subsequent double emulsion is collected in the outlet tube, as shown
in Figure 2-4.31 This configuration has been used in the past to form nanoparticleshell bubbles using air-in-oil-in-water compound bubbles,32 highly monodisperse
polymer vesicles,33,34 higher-order polymer vesicles,35–37 and quantum dot barcode
particles.38

26

Figure 2-4: Schematic of a 2-stage flow-focusing microfluidic device for making double emulsions and
polymersomes (A) Side view of device demonstrating the hydrodynamic focusing of two immiscible fluids
into small droplets. f1 is an aqueous flow containing the solution that is contained inside the double
emulsion drop. f2 is the organic solvent flowing through the open corners of the square capillary. f3 is the
opposing aqueous flow through the corners of the square capillary that is responsible for the flow focusing.
(B) Cross-sectional view of concentric capillaries arranged in the device
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The other basic design, shown in Figure 2-5, is the co-flow geometry,
comprised of stages where alternating water and oil flows generate multiple
emulsions as the flows break up into droplets. Variations of this geometry have been
used with round capillaries inside square capillaries glued in place27 or capillaries
connected using tubing sleeves and T-junctions.39 When a solution of amphiphilic
block copolymer is the intermediate organic phase, these multiple emulsions can be
made into polymersomes by the evaporation or dialysis of the organic solvent.27,40
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Figure 2-5: Schematic of a 2-stage co-flow microfluidic device for making double
emulsions and polymersomes. Here, T-junctions are used to produce drops
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Capillary microfluidics can be used to form multiple emulsions with high levels
of control.41 These multiple emulsions have been used as templates to form
quantum dots,38 polymersomes,40 and microcapsules,42,43 as well as microreactors
for mineral condensation.14 In addition to the formation of inorganic compounds at
the emulsion interface, microfluidic devices have been used to drive the interfacial
polymerization of polyamide shells.44
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2.2

Polymersomes

2.2.1 Polymersomes
Polymer based vesicles, or “polymersomes,” are synthetic analogs of the
more common liposomes. Where liposome membranes consist of a lipid bilayer,
polymersome membranes are made up of amphiphilic block copolymers that form a
highly entangled bilayer with much higher structural integrity, as shown in Figure 26. This structural integrity makes them more robust, allowing them to have potential
applications ranging from drug delivery to cosmetics.34,45

Figure 2-6: Polymersome membrane (right) versus that of a
liposome (left). The higher overall molecular weight of polymers
as compared to that of conventional lipids creates a thicker and
more robust membrane
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polymersomes possess greater structural integrity and lower membrane permeability
than liposomes.47 The molecular weight of the block copolymers may exceed that of
lipids by more than two orders of magnitude, creating the opportunity for
entanglement, resulting in lower lateral diffusivity and tighter aggregation, as shown
in Figure 2-7.48 The resulting membranes are therefore thicker, stronger, and less
susceptible to strain.46 This increased stability allows for applications requiring more
efficient encapsulation.49

Figure 2-7: Dependence of Molecular Weight on Membrane Properties

46

The two block copolymer properties that are most vital to dictating their mode
of self-assembly are the total molecular weight of the amphiphile and the relative
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volume fractions of the hydrophilic and hydrophobic domains. The thickness of the
resulting vesicle membranes ranges from 8 nm to 21 nm and increases with the
molecular weight of the amphiphile, showing an exponential dependence on
molecular weight. The volume fraction of the hydrophilic domain, or f, dictates the
microstructure formed in solution. As shown in Figure 2-8, f values above 50% will
result in micellar structures, whereas values below 25% will yield inverted micelles. If
f falls between 40% and 50%, self-assembly will yield predominantly cylindrical
micelles. Only when f falls approximately between 25% and 40% are the vesicular
structures observed in appreciable amounts.46,47

Figure 2-8: Dependence of self-assembled morphology on hydrophilic
volume fraction
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Polymersomes have been used in the past for many applications, especially
for the encapsulation and delivery of drugs, proteins, and genes. They offer a unique
advantage over micellar delivery vehicles in that they contain two distinct
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environments in which active molecules can be encapsulated.50 Hydrophilic
molecules can be contained within the aqueous lumen of the vesicle, while
hydrophobic molecules can be embedded in the hydrophobic domain of the
membrane. This configuration has been effectively utilized to deliver both Paclitaxel
and Doxorubicin, two of the most common anti-cancer drugs, to breast cancer
tumors and induce tumor shrinkage.50 Polymersomes exhibit minimal nonspecific
adhesion to cell membranes, and stealth vesicles with a poly(ethylene glycol), or
PEG, corona can avoid reticuloendothelial uptake. This allows them to circulate for
many hours, long enough to reach cancer cells that are well-embedded in
tissues.46,47,50

Polymersomes can encapsulate large amounts of solution within a relatively
small amount of material, and thus are highly effective for the storage of solutes.
When triggered by osmotic shock, the polymersome membrane can rupture,
releasing the encapsulated material.40 Multiple polymersome arrangements are
possible as well. Double and triple polymersomes have been made where multiple
components can be carried and subsequently released without cross-contamination
by encapsulating smaller polymersomes within larger polymersomes.35 These
vesicles within vesicles have been used to mimic the structure of organelles in a
living cell by encapsulating smaller polymersomes inside larger polymersomes and
suspending them in a cytoplasm-like gel.45 Polymersomes can also be utilized as
micro-reactors or deliver multi-component drug treatments in a single dose.36
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2.2.2 Traditional Methods of Polymersome Formation
Currently, the most common method of polymersome formation is by film
rehydration.49,51,52 In this method, the amphiphilic block copolymer is dissolved in a
good solvent for both blocks. The block copolymer solution is then placed in a flask
and the solvent removed, leaving a thin film of polymer. Water is then added to the
flask, and as a selective solvent for one of the blocks, causes polymersomes, as well
as micelles of various geometries, to bud off the surface, as shown in Figure 2-9.53
A similar method that works by the same budding mechanism is called
electroformation. In this method, the film is subjected to an alternating current, and
polymersomes are subsequently dispersed into solution.49

Figure 2-9: Rehydration of amphiphilic block copolymers from a surface template
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Two other methods, called bulk rehydration and solvent injection, operate by
an emulsification mechanism, where a small amount of block copolymer is placed in
33

water and agitated. The difference between the two is that bulk rehydration uses dry
polymer, whereas solvent injection introduces a dilute solution in a volatile organic
solvent into the suspension vessel while under agitation. These methods operate
under the principle that the block copolymer can be dissolved in a cosolvent suitable
for both blocks, then introduced to water, which is a selective solvent for one
block.49,51

Figure 2-10: Polymersomes produced by solvent injection
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Although these techniques reliably produce polymersomes, they are far from
ideal, offering very little control of size or rate of formation, as shown in Figure 2-10.
The vesicles generated typically range in size from 50 nm to several microns. In
order to generate the desired size and size distribution after initial formation,
secondary and tertiary processing steps, such as sonication, freeze/thaw cycles, and
extrusion are typically used.49,50,55,56 In addition to size limitations, these techniques,
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particularly film rehydration, can yield many morphologies other than spherical
vesicles, such as spherical and cylindrical micelles, as well as multicompartment and
multilamellar vesicles.

Furthermore, the lack of control over size leads to a lack of control over the
amount of material encapsulated, which is often the most important parameter
involved in their formation. Encapsulation of active materials by these methods is
achieved by using a solution containing the active material as the rehydration
medium.27 When used to encapsulate globular proteins, encapsulation efficiencies
range from 5% to 55%.49 However, the sonication and extrusion methods used for
processing the polymersomes place an enormous amount of stress on the
membranes, often leading to rupture. Efforts to osmotically drive solutes into the
vesicles after formation lead to very low encapsulation efficiencies.27 This low
encapsulation efficiency, combined with the inherent polydispersity of the resulting
vesicles, greatly limits the efficacy of these techniques.
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2.2.3 Polymersomes From Double Emulsions Produced by Microfluidic
Devices

Figure 2-11: Schematic of the self-assembly of amphiphliic block copolymers during the formation of a polymersome
membrane from a water-oil-water double emulsion. Block copolymers self-assemble into monolayers at each oil-water
interface. As the organic solvent is dialyzed out, the two monolayers assemble into a bilayer to form the final polymersome
membrane.
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To address some of the aforementioned issues, the use of microfluidics has
shown promise.36,39,57,58 Water-in-oil-in-water double emulsions have been produced
where the oil phase is a moderately water-miscible organic solvent that is a
nonselective solvent for the block copolymer. Through dialysis or evaporation, the
organic solvent is removed, causing the block copolymer to self-assemble at the
interface and form a bilayer, as shown in Figure 2-11.30,31,39 This method affords a
high level of control over polymersome size and composition. Uniform flow rates can
create emulsions with near uniform drop size. This eliminates the need for
secondary and tertiary processing to achieve the size and size distribution desired.
Perhaps most important, however, is the potential for the quantitative encapsulation
36

of the desired materials without having to drive material into the vesicles after they
have already formed. This, combined with the fact that microfluidics allows for the
high-throughput production of polymersomes, makes capillary microfluidics the most
efficient method currently in use.
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Chapter 3: Robust Coaxial Capillary
Microfluidic Device for the High-Throughput
Formation of Polymersomes

While offering important advantages in relation to PDMS-based devices,
current glass capillary-based devices have limitations in terms of fragility and
scalability. In both the flow focusing and co-flow geometries, the glass capillary
devices can be tedious and difficult to assemble. The pulling, coating, and setting of
the capillaries inside each other requires precise fabrication that is often difficult to
reproduce. The devices consist of thin glass capillaries that essentially make up the
entirety of the device, and are glued together by epoxy. If a capillary cracks, clogs,
or if a pulled tip is broken, the defect cannot be repaired and the entire device must
be replaced.

We have developed a device that addresses those issues by combining a
sturdy, inexpensive, solvent-resistant scaffold combined with the incorporation of
interchangeable parts and no glue that can be tailored to a specific application. This
chapter describes the device and characterizes it with respect to the generation of
complex multiple emulsions, showing that these emulsions can be used as
templates for the formation of polymersomes.
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3.1

Experimental Methods

3.1.1 Fabrication of Microfluidic Device
Ultra-high molecular weight polyethylene (UHMWPE) was cut into a 25 mm ×
25 mm × 40 mm block. Holes 2.0 mm in diameter and perpendicular to the length of
the block were drilled at 13 mm and 25 mm to a depth of 20 mm. A 1.0 mm diameter
hole was drilled in the direction of the block length 5 mm from the edge, such that it
intersected the perpendicularly drilled holes. This hole was drilled through the entire
length of the block. Next, a 2.0 mm hole was drilled concentric with the 1.0 mm hole,
but only to a depth of 25 mm, stopping as it intersected the second perpendicular
hole. A 5.0 mm hole was then drilled to a distance of 13 mm to meet the first
perpendicular hole, again along the axis of the initial 1.0 mm hole. Threads were cut
into the two perpendicular holes and the 1.0 mm hole to securely seat male luer
locks complete with rubber o-rings to create a tight seal through which the fluid could
be introduced.

The scaffold was designed to create a three-channel co-flow system in which
the capillaries were concentrically arranged. Capillaries of 1.0 mm, 2.0 mm, and 5.0
mm outer diameters were nested one inside the other as they were inserted into the
scaffold, the holes of which were drilled to tightly fit the outer diameter of each
capillary while providing a channel through which each fluid could be introduced, as
shown in Figure 3-1. Syringe pumps were connected with polytetrafluoroethylene
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(PTFE) tubing to the luer locks tapped into the three channels in the scaffold,
creating a fully sealed system, as shown in Figure 3-2. The PTFE tubing connected
the device to automated syringe pumps that enabled us to introduce the three
independent fluids in a highly controlled manner.

Figure 3-1: Cut away schematic of the new co-axial capillary microfluidic device. In practice,
the holes are drilled closer to the bottom of the device to allow for imaging of the droplet
formation.

Figure 3-2: Capillary microfluidic device showing device scaffold and luer
locks connected to feed lines and concentric glass capillaries
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3.1.2 Glass Capillaries
1.0 mm/0.50 mm (OD/ID) and 2.0 mm/1.56 mm borosilicate capillaries were
purchased from Sutter Instruments and pulled using a Sutter Instruments Co. P-97
Micro-pipette puller to generate small and uniform tip sizes. Different temperature
and force settings were used to generate a variety of tip sizes and tapers. Capillary
tips were sanded with micron-grit sandpaper to achieve the desired channel
diameter. The capillaries were then treated with a 1% octadecyltrichlorosilane (OTS)
solution in heptane and washed with chloroform and toluene.

3.1.3 Production and Analysis of Solutions
Aqueous phase solutions were made using a 2% (w/w) solution of polyvinyl
alcohol (PVA) (MW=15k) in water. The PVA was added to reduce the coalescence
of droplets, as has been described in other publications.12,32,36,39 The organic phase
of the 3-phase system was made using a 2% (w/w) solution of Pluronic® F-127
surfactant purchased from Sigma Life Science in a 40/60 (w/w) mixture of toluene
and chloroform. The densities of the solutions were determined using volumetric
glassware and the dynamic viscosities were determined using a capillary viscometer
(size 0C, viscometer constant 0.002881 mm2/s2) purchased from Cannon Instrument
Company. The surface tension measurements were performed using the Wilhelmy
plate method on a DCA-322 Dynamic Contact Angle Analyzer from Thermo Cahn
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Instruments and interfacial tension measurements were performed using a pendant
drop tensiometer OCA 20 from Future Digital Scientific Corporation.

3.1.4 Production of Monodisperse Double Emulsions
Chlorosilane-treated glass capillaries were assembled into the device scaffold
and connected to syringe pumps using polytetrafluoroethylene (PTFE) tubing
purchased from Fisher Scientific. Gastight glass syringes were purchased from the
Hamilton Company and loaded into Harvard Apparatus PhD Ultra syringe pumps. A
2% (w/w) PVA solution was used as the inner and outer aqueous flows and a 2%
(w/w) polymer in 40/60 toluene/chloroform solution was used as the middle organic
flow in the 3-flow system. Inner, middle, and outer flow rates of 0.7 mL/min, 3.0
mL/min, and 7.5 mL/min, respectively, were used to produce monodisperse double
emulsions that contained one inner aqueous droplet for every organic droplet using
a 150 µm capillary tip. The device scaffold was secured to the microscope stage with
the outlet capillaries extending over the field of view. This was done so that the
emulsions could be imaged as they flowed out of the device. A long outer tube that
hung over the edge of the microscope stage was used so that the emulsions could
be collected in a beaker on the bench top next to the microscope.

3.1.5 Characterization of Device Parameters and Fluid Flows
To analyze the effect of the inner flow rate on the relative drop size and fluid
flow regime, the middle flow was held constant at 2.0 mL/min and the inner flow was
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increased gradually at increments of 0.0867 mL/min for the first 15 data points and
by 0.1733 mL/min for the last 5 data points. The experiment was first performed
using a 120 µm inner capillary tip. To analyze the effect of the outer flow rate on the
relative drop size and fluid flow regime, the inner flow rate was held constant at 0.10
mL/min using a 150 µm capillary tip, and the middle flow was increased
incrementally from 0.25 mL/min to 7.50 mL/min at intervals of 0.25 mL/min. The
same set of increasing middle flow rates was used in conjunction with an inner flow
rate of 0.25 mL/min. Droplet diameters were measured by recording videos of drop
formation through a Nikon Diaphot TMD inverted microscope equipped with a uEye
UI-2210SE camera purchased from 1stVision, Inc. Videos were recorded for each
combination of inner and outer flow rates and calibrating the diameter of the droplets
in the frame to a frame capture of a 1.00 mm stage micrometer. To normalize the
results, the relative drop size was calculated by dividing the absolute drop diameter
by the capillary tip diameter.

3.1.6 Formation and Analysis of Polymersomes
Double emulsions produced by the microfluidic device were collected in
dialysis tubing (Fisherbrand regenerated cellulose, 3500 MWCO) and dialyzed
against stirring DI water for 2-7 days. The DI water was changed 2-3 times per day.
The double emulsions were completely dialyzed when the resulting polymersomes
floated to the top of the dialysis tubing. The polymersome solution was then placed
on a microscope slide with one drop of a 4 mg/mL solution of a hydrophobic
fluorescent dye, 3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO) in methanol.
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The polymersomes were imaged on a Zeiss LSM 5 Multiphoton Inverted Confocal
Microscope at 100x magnification using a Green Fluorescent Protein, or GFP,
fluorescent filter. Sizes of polymersomes were determined using ImageJ image
processing software.

3.2

Results and Discussion

3.2.1 Characterization of Fluid Flow Parameters
In an effort to understand the relationship between the fluid flow and the
drops produced, the correlation between the Reynolds number, Re, and the relative
drop size is examined. Re values below 2300 result in laminar flow,59 a concept
introduced by Stokes over 150 years ago. Two other parameters we use to
characterize the fluid flows are the Capillary number, Ca, and the Weber number,
We. The Capillary number represents the relative effect of viscous forces versus
surface tension acting across the interface between two immiscible liquids. The
Weber number is a measure of the relative importance of the fluid’s inertia compared
to its surface tension, making it useful in analyzing the formation of droplets.

Reynolds number is a dimensionless parameter expressed as Re=vDH/ν,
based on the mean flow velocity, v, which is calculated using the relation v=Q/A,
where Q is the volumetric flow rate and A is the effective cross-sectional area of the
channel.60 DH is the hydraulic diameter of the channel and ν is the kinematic
viscosity of the fluid. Another dimensionless parameter, the Capillary number, is
44

expressed as Ca=µv/γ, where µ is the viscosity of the liquid, γ is the interfacial
tension, and v is the velocity. This parameter is known to play a key role in drop
dynamics and droplet break off,61 and so is examined in our system. The Weber
number is expressed as We=ρv2l/γ where l is the characteristic length scale (usually
of the droplet or liquid jet diameter), and γ is the interfacial tension between the two
liquids. It compares inertia to interfacial tension and the value is usually small in
microfluidic systems. In high throughput systems like ours that analyze the
mechanism of droplet break-up, inertial effects become important62 and thus the
Weber number is examined in addition to the Capillary number. In all cases, we find
a sharp decrease in relative drop size over a narrow range of flow parameters,
signifying a transition from the dripping to the jetting regime.

While holding the outer flow constant, we plotted the relative drop size versus
Reynolds number of the inner flow. A plateau region is observed where the relative
drop size remains constant with increasing Reynolds number until a critical point is
reached, indicating the beginning of the dripping to jetting transition. As shown in
Figure 3-3, this plateau region is followed by a sharp decrease in relative drop size
corresponding to a small increase in Reynolds number. At this point, the inertial
influence of the dispersed phase overcomes the viscous drag of the outer flow and
the jet extends. The droplets break off from the end of this jet due to the instability
resulting from subtle fluctuations in the oil-water interface. Eventually, a second
plateau region is reached where the flow is distinctly in the jetting regime and small
drops are produced. Any further increase in the Reynolds number results in a
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lengthening of the jet rather than a further decrease in relative drop size as the
inertial force of the inner flow outpaces the viscous drag of the outer flow.

Figure 3-3: Relative drop size vs. Reynolds number of inner flow. Q2 = 2 mL/min. Inner capillary diameter = 120 µm. Sharp
decrease in relative drop size corresponds to the transition between dripping and jetting regimes

A correlation is also found between the relative drop sizes and the Weber and
Capillary numbers of the inner flow. The sharpest decrease in relative drop size is
observed in a very narrow window of values, between 0.08 and 0.11 for Capillary
number and 0.5 to 0.8 for Weber number, as shown in Figure 3-4. This underscores
the benefit of being able to use interchangeable parts in our microfluidic device. We
have the ability to use a variety of capillary tip diameters to produce drops with a
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wide range of sizes. For instance, a smaller capillary tip with a lower flow rate can be
used to produce droplets in the dripping regime that are smaller and have a narrow
size distribution. This results in a lower drop frequency and generates small double
emulsions encapsulating a single drop. Examples of this are shown in section 3.2.2.
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Figure 3-4: Relative drop size vs. Capillary and Weber numbers of inner flow. Q2 = 2 mL/min. Inner capillary diameter = 120
µm. Sharp decrease in relative drop size corresponds to the transition between dripping and jetting regimes.

Chu et al. demonstrated that for a device with fixed dimensions and solution
conditions, droplet diameter in a co-flow system is inversely proportional to the
velocity of the surrounding flow. When the outer flow rate in a two-phase co-flow
system is increased, the shear of the surrounding solution will pull on the inner flow
with a higher force, detaching droplets at a higher frequency and resulting in smaller
droplets.41 We investigate this phenomenon in our device by holding the inner flow
rate constant and varying the outer flow rate, allowing us to relate the relative drop
size to the Reynolds, Capillary, and Weber numbers of the outer flow, as shown in
Figures 3-5, 3-6, and 3-7. We demonstrate that the relative drop size decreases
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systematically with increasing mean flow velocity of the outer fluid in a near linear
manner. Additionally, we scan across multiple inner flow rates to create a profile of
relative drop sizes based on various combinations of inner and outer flow rates.

Figure 3-5: Relative drop size vs. Reynolds number of outer flow. Inner capillary diameter = 150 µm. Inner flow rates:
mL/min and

= 0.10

= 0.25 mL/min
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Figure 3-6: Relative drop size vs. Capillary number of outer flow. Inner capillary diameter = 150 µm. Inner flow rates:
mL/min and

= 0.10

= 0.25 mL/min
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Figure 3-7: Relative drop size vs. Weber number of outer flow. Inner capillary diameter = 150 µm. Inner flow rates:
mL/min and

= 0.10

= 0.25 mL/min

As Capillary number and Reynolds number both have a first-order
dependence on mean flow velocity, the two plots show a gradual decrease in
relative drop size as a function of the mean flow velocity, until a plateau is reached
at higher values. Weber number, however, has a second-order dependence on
mean flow velocity, so an increase in Weber number results in a much sharper initial
decrease in relative drop size and an expanded plateau region. It is important to
note that the relative drop size trends with respect to the Capillary, Reynolds, and
Weber number of the outer flow are universal. The absolute drop sizes are particular
to the specific capillary size and flow rate used. Smaller capillary tip sizes result in
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smaller drops, and larger capillary tip sizes result in larger drops. The location of the
dripping-to-jetting transition remains the same as long as the flow velocity remains
constant; the path from larger drops by dripping to smaller drops by jetting will follow
the same trend regardless of the capillary tip size. However, the initial and final drop
size in this progression will increase as the capillary tip size increases.

3.2.2 Double Emulsions
Chu et al. and Utada et al. showed that using PDMS oils and aqueous
solutions of small-molecule surfactants in a co-flow microfluidic device can result in
stable and complex multiple emulsions.26,41 In addition to producing simple
emulsions, the device is capable of producing complex double and multiple
emulsions. As shown in Figure 3-8, a dilute solution of amphiphilic triblock
copolymer in a mixture of chloroform and toluene is used to form double emulsions
with water as the inner phase and a 2% (w/w) solution of PVA as the outer phase.
Using the appropriate flow rates, as determined by our previous studies, we are able
to produce near monodisperse double emulsions.
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Figure 3-8: Double emulsions formed using a new glass capillary
microfluidic device. Inner Fluid: 2% (w/w) poly(vinyl alcohol) (MW=15k)
®

in DI water flowing at 0.5 mL/min, Middle Fluid: 2% (w/w) Pluronic F127 in 40/60 (w/w) toluene/chloroform at 3.0 mL/min, Outer Fluid: 2%
(w/w) PVA (MW = 15k g/mol) in DI water at 20 mL/min

The versatility of the microfluidic device allows for the length and position of
the concentric capillaries to be changed, so that the pulled tip of the inner capillary
can be set deep in the taper of the middle capillary. This greatly constricts the width
of the flow channel, which produces high flow speeds without requiring an increase
in flow volume. By increasing the speed of the middle flow relative to the inner flow,
we take advantage of the jetting regime’s ability to produce smaller droplets. As a
result, multiple droplets of the inner flow can be collected in a single drop of the
middle flow. Higher flow rates required to achieve the jetting regime do not prevent
the quantitative encapsulation of aqueous droplets, as shown in Figure 3-9. These
droplets are nearly monodisperse, and the incremental increase of the inner flow
rate can result in a stepwise increase in the number of encapsulated droplets.
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Figure 3-9: Double emulsions produced using the extreme jetting
regime achieved by placing tip of inner capillary deep within taper of
middle capillary to produce high flow speeds without requiring a high
fluid flow rate. This higher speed increases the shear across the liquidliquid interface, generating a long jet-within-a-jet that breaks up into
much smaller droplets

3.2.3 Polymersomes
Finally, the double emulsions produced by our co-flow microfluidic device can
form monodisperse polymersomes. These polymer-based vesicles are highly stable
and can survive for several months while maintaining their form. After removal of the
organic solvent through dialysis of the double emulsions, the presence of
polymersomes was confirmed using a hydrophobic fluorescent dye, DiO. This dye
migrates to the hydrophobic layer of the polymersome membrane, resulting in an
edge-bright fluorescent image. The edge-bright appearance is commonly taken as
evidence of vesicle morphology. As shown in Figure 3-10, double emulsions
produced with a single aqueous droplet encapsulated in each organic droplet can be
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Figure 3-10: Polymersomes produced using a 3-phase co-flow microfluidic device. Polymersomes were prepared with Q1 = 2%
®

(w/w) 15k PVA in DI water, Q2 = 2% (w/w) Pluronic F-127 in 40/60 toluene/chloroform, and Q3 = 2% (w/w) 15k PVA in DI
water. Emulsions were collected in a dialysis bag and dialyzed against DI water for ~4 days, changing the water 2-3x per day.
One drop of a DiO solution in methanol was added to ~5 drops of polymersome solution on a glass microscope slide prior to
imaging. (Left) Polymersomes imaged under transmitted light, (right) same polymersomes imaged under DiO fluorescence.
Dark lumen and brightly fluorescing edges result from hydrophobic DiO dye being retained in the membrane and indicate a
vesicle morphology

On the other hand, double emulsions produced with multiple aqueous
droplets encapsulated in each organic droplet will self-assemble into packets of
vesicles, or “multiple polymersomes.” As shown in Figure 3-11, the individual
polymersomes are still contained within the envelope, each separated by its own
distinct polymer membrane, as evidenced by the aforementioned edge brightness.
The membranes of these polymersomes are able to self-assemble in such close
proximity to each other due to the presence of polyvinyl alcohol (PVA) in the outer

55

aqueous phase, which wets the oil-water interface present around each droplet and
prevents the individual droplets from coalescing.

Figure 3-11: “Multiple Polymersomes” produced from double emulsions containing many inner aqueous droplets encapsulated
in each organic droplet. Individual polymersomes are still visible due to the presence of DiO fluorescing in the membrane. The
presence of PVA in the outer aqueous phase prevents coalescence of aqueous droplets so that individual polymersomes can
be preserved within the packet.

A chain of poly(vinyl alcohol) is actually a partially hydrolyzed chain of
poly(vinyl acetate) where a portion of the hydrophobic acetate pendant groups
remains. These acetate groups contribute to the amphiphilic character of PVA. PVA
stabilizes the oil/water interface in the double emulsions as the polymer chain
adsorbs to the interface with preferential solvation of the acetate groups in the oil
phase, leaving the more hydrophilic hydroxyl groups suspended in the aqueous
phase.8 The block copolymer dissolved in the oil phase of the double emulsions is a
surfactant that stabilizes the interface by extending its chains into each phase across
the interface. PVA, on the other hand, is able to extend along the interface with its
pendant groups becoming separately solvated by the oil and water. It is therefore
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able to more quickly stabilize that interface and the subsequent emulsion. Each
chain, therefore, is able to immediately stabilize a greater area of the interface,
allowing the double emulsion to survive long enough for the block copolymer to selfassemble and form the polymersome membrane.

3.3

Conclusion
An important advantage offered by our device is the utilization of a robust

UHMWPE scaffold, eliminating the need for glues or expensive fittings. The use of
glass capillaries results in solvent resistant and non-permeable channels that can be
easily manipulated with respect to channel surface chemistry. Furthermore, the fact
that the capillaries are easily interchangeable allows for easy replacement of broken
or clogged capillaries and the rapid change of tip sizes.

We present the design and operation of a robust and easily assembled
capillary microfluidic device. This co-flow device is used to produce double
emulsions while utilizing fluid flows from the dripping to the jetting regime, generating
a variety of drop sizes and encapsulation combinations. The relationship of relative
drop size with standard parameters such as the Weber, Capillary, and Reynolds
numbers is investigated, as is the effect of changing the relative flow rates on the
size of the drops produced. This device reliably and reproducibly generates nearly
monodisperse polymersomes in large amounts, with potential applications in areas
such as disease management, drug delivery, protein storage, and flavor protection.
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Chapter 4: Stability and Lifetime of Double
Emulsions Produced by a Co-Flow Microfluidic
Device

It was shown in the previous chapter that a new microfluidic device could be
used to produce monodisperse water-in-oil-in-water double emulsions. While those
double emulsions can be produced in high quantities and with great control over
size, composition, and encapsulation profiles, there has been relatively little work
done to investigate the overall stability of those emulsions. As mentioned previously,
polyvinyl alcohol (PVA) is commonly used as an additive in the aqueous phase to
prevent coalescence of droplets.12,32,36,39 Although amphiphilic block copolymers act
as surfactants along the length of the chains, PVA acts as a lateral surfactant. This
is accomplished by the residual acetate pendant groups serving as the hydrophobic
domain and the hydrolyzed hydroxyl pendant groups serving as the hydrophilic
domain while the aliphatic backbone lies along the oil-water interface. A mixture of
acetate and hydroxyl pendant groups, shown in Figure 4-1, exists because of
incomplete hydrolysis of polyvinyl acetate. This allows a single chain of PVA to
stabilize a larger lateral area of an oil-water interface than a typical surfactant or
amphiphilic block copolymer.
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Figure 4-1: Structure of polyvinyl alcohol (PVA)
showing hydrophilic hydroxyl and hydrophobic acetate
pendant groups

In an effort to characterize the importance of PVA in stabilizing these double
emulsions, studies were performed with the goal of producing double emulsions and
polymersomes without the use of PVA. We report here the lifetime and overall
stability of water-in-oil-in-water double emulsions formed using the microfluidic
device. We specifically investigate the effect of organic phase polymer
concentration, organic phase viscosity, aqueous phase density, and aqueous phase
sucrose concentration. Furthermore, a study of the emulsion stability during the
dialysis and self-assembly process is performed, all in the absence of PVA.

4.1

Experimental Methods
4.1.1 Solution Properties
Several aqueous and organic solutions were prepared to make double

emulsions. The aqueous solutions were prepared in weight fractions of 0%, 13%,
22%, and 31% sucrose in DI water. A hydrophilic dye, Rhodamine B, was dispersed
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in the aqueous solutions for contrast and greater visibility. The organic solutions
were prepared using Pluronic® F-127, and were dissolved in weight fractions of 2%,
4%, 7%, and 10% in a 40/60 (w/w) mixture of toluene and chloroform.

The densities of the solutions were measured using volumetric glassware and
the dynamic viscosities were determined using a capillary viscometer (size 0C,
viscometer constant 0.002881 mm2/s2) purchased from Cannon Instrument
Company. The surface tension measurements were performed using the Wilhelmy
plate method on a DCA-322 Dynamic Contact Angle Analyzer from Thermo Cahn
Instruments, and interfacial tension measurements were conducted using a pendant
drop tensiometer OCA 20 from Future Digital Scientific Corporation.

Polymer Concentration

Dynamic Viscosity

2%

9.447 × 10-7 m2/s

4%

1.404 × 10-6 m2/s

7%

2.490 × 10-6 m2/s

10%

3.846 × 10-6 m2/s
®

Table 4-1: Viscosity of solutions of Pluronic F-127 in 40/60 (w/w) toluene/chloroform

Sucrose Concentration

Density

0%

1.000 g/mL

13%

1.045 g/mL

22%

1.081 g/mL

31%

1.123 g/mL
Table 4-2: Density of solutions of sucrose in DI water
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4.1.2 Emulsion Stability Study by Sinking Drop Analysis

Figure 4-2: Diagram outlining the assembly of an apparatus used to perform an analysis of sinking double emulsions. The
microfluidic device was arranged with the exit capillary extending into a vertical column of water. Drops were observed sinking
through the column until the inner aqueous droplet was expelled into the continuous phase.

Double emulsions were produced using the aforementioned microfluidic
device while the device was arranged vertically with the exit capillary suspended in a
column of water. The emulsions, whose inner droplet consisted of a dilute solution of
Rhodamine B for contrast, were released into a vertical tube filled with water,
depicted in Figure 4-2, and the emulsions were monitored using video. The
emulsions descended through the column of water and were followed until the inner
aqueous droplet was expelled from the emulsion, leaving behind a clear organic
droplet sinking through the column. The lifetime of the droplet was measured as the
time the double emulsion was maintained before the aqueous droplet was expelled.
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4.1.3 Observation of the Dialysis Process

Figure 4-3: Diagram depicting the experimental setup for observing the dialysis process producing polymersomes from double
emulsions. A glass pedestal was assembled in a clear plastic box, and the box was arranged on the stage of a pendant drop
tensiometer, then filled with water. A water-in-oil-in-water double emulsion was dropped onto the pedestal. The double
emulsion was continually filmed using the camera attached to the tensiometer.

The pendant drop tensiometer was used to observe the dialysis process of
the double emulsions. As shown in Figure 4-3, a clear plastic box was filled with
water and arranged on the stage of the instrument so that the camera could focus on
the interior of the box. A glass pedestal holding a double emulsion was placed
inside. Two glass pedestals were used, one left untreated and one soaked in a 1%
(w/w) solution of octadecyltrichlorosilane (OTS) in heptane. The organic polymer
solution, with concentrations of 2% or 7% (w/w) in a 40/60 (w/w) mixture of toluene
and chloroform, was pipetted onto the pedestal. The aqueous solution, a 20% (w/w)
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solution of CsCl (density = 1.1407 g/mL), was loaded into the syringe on the pendant
drop apparatus, then lowered and injected into the organic droplet, as shown in
Figure 4-4.

Figure 4-4: Injection of the aqueous solution into the organic droplet for
observation of the dialysis process. The syringe was mounted on the pendant
drop apparatus and lowered down to penetrate the organic droplet so that the
aqueous solution could be injected directly.

Once the double emulsion was produced, the video recording started and the
progress of the double emulsion was observed as the organic solvent began to
dialyze out of the droplet and into the surrounding water. Every ten minutes ~10 mL
of the water, now saturated with the organic solvents, was removed by Pasteur pipet
and replaced with fresh water so that the dialysis process could continue.
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4.2

Results and Discussion

4.2.1 Emulsion Stability Study by Sinking Drop Analysis
While originally operating the microfluidic device, the double emulsions were
produced and collected at the end of a long outlet capillary extending over the edge
of the microscope stage. It was soon observed that when the drops were flowing
along the outer tube, particularly when PVA was absent in the aqueous solution,
some of the drops would begin as water-in-oil-in-water double emulsions but would
become oil-in-water single emulsion drops by the time they reached the collection
beaker. To confirm this phenomenon, a dilute solution of Rhodamine B was used as
the inner flow to produce double emulsions whose inner droplets were colored pink,
as shown in Figure 4-5.

Figure 4-5: Double emulsions produced using a solution
®

with Rhodamine B as the inner flow, solutions of Pluronic F127 in 40/60 (w/w) toluene/chloroform as the middle flow,
and DI water as the outer flow.
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It was observed that the aqueous droplet appeared to float to the top of the
organic droplet prior to being expelled. This is because the aqueous solution had a
density of approximately 1.0 g/mL whereas the organic solution, primarily a mixture
of toluene and chloroform, had a density of 1.14 g/mL. The first attempted route to
match the aqueous and organic densities was to change the ratio of chloroform and
toluene in the organic phase. Since toluene (d = 0.89 g/mL) is less dense than water
and chloroform (d = 1.49 g/mL) is denser than water, the simplest way of matching
the density would be to adjust the ratio of toluene and chloroform in favor of the less
dense solvent until the overall density of the solution matched that of the aqueous
solution as closely as possible. To do this, a 60/40 mixture of toluene and chloroform
was used rather than a 40/60 mixture. The density of this solution, with polymer
dissolved in it, was reduced to 1.018 mg/mL. However, when used as the middle
fluid in the double emulsions, no droplets formed. Rather, a laminar flow was
produced with no perceivable instability at the interface that would cause the jet to
break up into drops.

Unable to achieve our goal by manipulating the composition of the organic
phase, we sought to increase the density of the aqueous phase by adding a nonionic
solute, sucrose. A working hypothesis for this phenomenon prior to performing the
experiments was that increasing the sucrose concentration in the inner droplet would
result in an osmotic pressure imbalance. It was suspected that any additional solute
would cause water to transfer into the emulsions and cause them to swell and
ultimately burst. However, the initial hypothesis was disproven; by observing the
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double emulsions sinking through a column of water, we could track their progress
and determine exactly how long they survived before the inner droplet was expelled.
As shown in Figure 4-6, with organic solution density values of about 1.14 g/mL, the
closer the density match between the aqueous and organic solutions, the longer the
emulsion survives. The increase in density of the inner aqueous phase actually
resulted in prolonged, rather than shortened, emulsion lifetimes, the opposite of what
was predicted.

Figure 4-6: Emulsion lifetime, expressed as time elapsed before expulsion of aqueous droplet, plotted against the aqueous
solution density.
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A closer density match allows the aqueous droplet to remain closer to the
center of the organic droplet, instead of floating to the top. It was suspected that the
force of the aqueous droplet on the interface at the top of the organic droplet caused
a thinning of the interface so that the inner droplet was exposed to the continuous
phase of water outside the droplets, thus resulting in its expulsion. The presence of
more sucrose prevents the encapsulated aqueous solution from draining into the
surrounding aqueous solution, thereby increasing the polymer concentration at the
inner oil-water interface, which stabilizes the interface and prevents expulsion of the
inner droplet.

Figure 4-7: Emulsion lifetime, expressed as time elapsed before expulsion of aqueous droplet, plotted against the kinematic
viscosity of outer organic solution.
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In order for the aqueous droplet to be expelled from the organic droplet, the
water must bypass the organic layer to mix with the water surrounding the droplet.
Higher viscosity greatly impedes this movement and thus prolongs emulsion lifetime,
as shown in Figure 4-7. This phenomenon occurs in conjunction with the overall
increase in polymer concentration. Because the polymer is an amphiphilic triblock
copolymer, it acts as a surfactant and stabilizes both the inner/middle water/oil
interface as well as the middle/outer oil/water interface by decreasing the interfacial
tension. However, in the absence of PVA, the emulsions still did not survive long
enough for the block copolymer alone to sufficiently stabilize the interface.

To confirm the importance of PVA in stabilizing the double emulsions after
formation, the vertical column and collection flask were filled with a 0.1% (w/w)
solution of PVA (MW = 15k g/mol) rather than pure water. Double emulsions, again
with Rhodamine B solution as the inner aqueous phase, were produced and
dispersed down the column. Emulsions dispersed into pure water expelled their
inner drop within a matter of seconds. Conversely, PVA dissolved in the continuous
phase, even a minimal amount, allowed the double emulsions to reach the bottom of
the collection flask intact, even allowing them to survive there for up to 2 minutes
before eventual expulsion. With PVA present in the outer aqueous phase to stabilize
the outer oil/water interface, the organic droplets do not coalesce, as shown in
Figure 4-8. The continued absence of PVA in the inner aqueous phase allows the
inner droplet to eventually be expelled.
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Figure 4-8: Emulsions collected at the bottom of the flask, with
PVA dissolved in the continuous aqueous phase. With PVA only
in the outer aqueous phase and absent in the inner phase, the
inner aqueous drop can still be expelled while the individual
organic drops are not able to coalesce.

4.2.2 Observation of Dialysis Process using a Pendant Drop Tensiometer
Initially, the microfluidic device was attached to the pendant drop apparatus
with the inner and middle capillaries intact. This allowed the device to suspend the
inner aqueous and organic droplets. Through the use of automated syringe pumps,
we were able to control the amount of liquid dispensed and therefore the size of the
droplet suspended at the end of the capillary. This allowed us to produce a double
emulsion at the exit of the microfluidic device by first suspending an organic drop
followed by the injection of an aqueous drop inside the organic drop. The double
emulsion was generated then allowed to dialyze, with the saturated water being
replenished with fresh water to continue the dialysis process. Unfortunately, by
leaving the double emulsion attached to the capillaries that also contained the
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solutions the droplets were made of, it was observed that the organic droplet refills
itself. As shown in Figure 4-9, the organic drop initially decreases in size as the
solution is dialyzed out, but later increases in size again as it pulls additional organic
solution from the capillary above it.

Figure 4-9: Microfluidic device arranged vertically from the pendant drop apparatus where Q1 and Q2 are used to produce a
droplet-in-droplet double emulsion. Keeping the double emulsion attached to the device with the solvent feed lines still attached
resulted in the organic droplet refilling itself from the source during the dialysis process.

In an effort to produce a double emulsion and then isolate it, a glass pedestal
was constructed that could catch the droplets after they leave the microfluidic
device. This would prevent the double emulsion from coming in contact with
additional organic solution. The glass pedestal used to prop up the double emulsions
for observation was first treated by soaking it in a 1% (w/w) solution of
octadecyltrichlorosilane in heptane, similar to the capillaries used in the microfluidic
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device outlined in Chapter 2. It was thought that treating the glass surface would
decrease the surface interaction between the droplets and the glass, in much the
same way it prevented the droplets from sticking to the glass capillaries while
producing double emulsions with the microfluidic device. When dealing with a
stationary organic droplet, on the other hand, the hydrophobic surface created by
silanation of the glass pedestal caused the organic solution to spread across the
surface, whereas the untreated pedestal allowed the droplet to maintain its nearly
spherical shape, as shown in Figure 4-10.

Figure 4-10: The organic droplet in the double emulsion is able to maintain its
shape when deposited on an untreated glass surface (left) whereas treatment of
the glass surface with octadecyltricholorosilane causes the organic droplet to
spread across the surface (right).

71

By arranging a glass pedestal in a clear plastic box, we were able to isolate
an individual double emulsion in an attempt to observe its progress from a water-inoil-in-water double emulsion to a single polymersome. Since toluene (0.52 g/L) and
chloroform (8.09 g/L) are mildly miscible with water, the organic phase of the double
emulsion slowly dialyzed into the continuous aqueous phase. This allows the organic
droplet to steadily shrink down and allow the block copolymer dissolved in it to selfassemble at the two oil-water interfaces. Every ten minutes, a portion of the water,
now saturated with organic solvent, was pulled off and replaced with fresh water. By
regularly removing water that had been saturated with the organic solvent, we could
continue the dialysis process in a gradual manner, with the hope of eventually
observing the formation of a polymersome membrane when the organic solvent had
been completely removed.
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Figure 4-11: Observation of the dialysis process in double emulsions by isolation of an individual double emulsion. Gradual
replacement of the outer aqueous phase with fresh water results in a slow removal of the organic solvent from the double
emulsion, until only a small film remains. In the absence of PVA, the thin film of polymer and organic solvent cannot hold the
aqueous droplet, resulting in its expulsion.

As shown in Figure 4-11, the dialysis process can be effectively monitored so
that the organic phase of a double emulsion can be removed. The slow shrinking of
the organic droplet could be observed as the water surrounding the double emulsion
was continually removed and replaced with fresh water. The amphiphilic block
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copolymer alone is not able to retain the inner aqueous droplet without the stabilizing
effect brought about by the presence of PVA in the aqueous phase. An increase in
the concentration of the block copolymer is able to stabilize the interface and prevent
draining from the inner droplet to the outer aqueous phase, allowing the double
emulsion to survive for a longer period of time. Without PVA, the block copolymer
chains are unable to arrange themselves along the oil/water interface quickly and
effectively enough, and the inner aqueous droplet is still expelled.

4.3

Conclusion
We sought to investigate the importance of using PVA as an additive to the

aqueous solution in double emulsions that would be used to make polymersomes. It
was observed that PVA prevents droplet coalescence when double emulsions were
collected immediately after being made, and its importance in the stability of each
individual double emulsion beyond its initial formation was investigated.

We determined that while double emulsions could be made without the
addition of PVA to the aqueous solution, the stability of those emulsions was greatly
compromised. PVA not only prevents coalescence of the organic phase of adjacent
double emulsions, it also allows the aqueous droplet to remain encapsulated without
being expelled. Increasing the viscosity of the organic phase and more closely
matching the densities of the aqueous and organic phases resulted in prolonged
lifetimes of the double emulsions, but the presence of the amphiphilic block
copolymer alone could not stabilize the oil-water interfaces. The entirety of the
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organic phase could not be removed so that the bilayer membrane of the
polymersomes could be formed.
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Part 2: Pickering Emulsions and Graphene
Oxide as a Non-Traditional Surfactant
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Chapter 5: Introduction to Pickering
Emulsions, Graphene Oxide, and Graphene
Oxide-Stabilized Emulsions

5.1

Colloidal and Particle Surfactants and Pickering Emulsions
Solid particles have been present in emulsion formulations for many years,

particularly in the food, paint, agrochemical, pharmaceutical, and oil industries.63
They have also been used to produce stable oil-in-water and water-in-oil emulsions
without a cosurfactant for cosmetic and dermatological applications. In the food
industry, it has been known for some time that in emulsions and foams stabilized by
phospholipids or proteins, particles are necessary for the stabilization, e.g. ice
crystals in ice cream and fat particles in whipping cream.63 Johansson et al.
characterized the importance of fat crystal concentration on the stability of water-intriglyceride emulsions that were stabilized by monoglycerides. At low concentrations,
flocculation and coalescence were induced, whereas both were inhibited at higher
concentrations.64 This is due to the particles bridging adjacent drops when dilute but
forming

a

protective

layer

around

them

when

concentrated.

At

certain

concentrations, particles can also affect the rheological properties of the dispersed
medium.65
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The credit for recognizing particle-stabilized emulsions is usually given to
Pickering, who observed that particles which were wetted by water rather than oil
acted as emulsifiers for oil-in-water emulsions by occupying the interface.66
However, it was Finkle, et al. who characterized the relationship between the type of
solid and the emulsion type (o/w or w/o), by stating that in an emulsion containing
solid particles, one of the liquids would wet the solid more than the other liquid,
making the poorly wetting liquid the dispersed phase.67 This is in agreement with
emulsions that result from surfactant adsorption. Like surfactant molecules, solid
particles have the ability to stabilize interfaces to create emulsions and foams.
Unlike classical surfactants, though, particles do not assemble into aggregates to
form micelles, resulting in the absence of solubilization phenomena. Furthermore,
while surfactant molecules will adsorb and desorb from an interface on a relatively
fast timescale, particles attached at interfaces can be thought of as more or less
irreversibly adsorbed.10

A wide variety of solid particles have been used as stabilizers of either oil-inwater or water-in-oil emulsions, including iron oxide, hydroxides, metal sulfates,
silica, clay, and carbon. The overall effectiveness of the solid in stabilizing the
emulsion depends on particle size, shape, concentration, wettability, and the
interactions between particles. There are two typical mechanisms by which colloidal
particles can stabilize emulsions, depicted in Figure 5-1. First, the particles must
adsorb to the oil-water interface and remain there, forming a dense mono- or multi-
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layer film around the dispersed drops, thereby preventing their coalescence.
Secondly, additional stabilization can be achieved when the particle-particle
interactions are such that a three-dimensional network of particles develops in the
continuous phase surrounding the drops.10,63 Vignati, et al. showed that the
adsorption of droplets to a liquid-liquid interface does not modify the interfacial
tension, suggesting that the mechanism of drop-stabilization by colloidal particles
proceeds purely via steric stabilization.68 Several studies have concluded that stable
emulsions are only possible if the particles at the interface are weakly flocculated,
which can be achieved by adding a salt in the case of oil-in-water emulsions69 or by
adding surfactant in the case of water-in-oil emulsions.70

Figure 5-1: Two mechanisms of emulsion stabilization by
colloidal particles: a) steric stabilization of emulsion droplets
covered with dense, particle monolayers, and b) bridging
stabilization of emulsion droplets covered with dilute particle
monolayers. c) The particles on the emulsion droplets in the
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contact region form a dense, bridging monolayer as a result of
strong capillary attraction caused by the menisci around them.
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5.1.1 Contact Angle
As previously mentioned, the preferential solvation of a surfactant molecule
will drive the curvature of the interface to form oil-in-water or water-in-oil
emulsions.10 In the case of particles, it is the contact angle, θow, that the particle
makes with the interface that will determine the type of emulsion. For hydrophilic
particles, θow measured in the aqueous phase is generally <90° and a larger fraction
of the particle surface resides in the water rather than the oil, as shown in Figure 52.10,63

Figure 5-2: (top) Position of a small spherical particle at a planar oil-water interface for a contact
angle (measured through the aqueous phase) less than 90° (left), equal to 90° (center) and
greater than 90° (right). (bottom) Corresponding probable positioning of particles at a curved
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interface. For θ < 90°, solid-stabilized oil-water emulsions may form (left). For θ > 90°, solid10,63

stabilized water-oil emulsions may form (right).

For hydrophobic particles, θow is typically >90° and the particle resides
predominantly in the oil phase. As with molecular surfactants, the monolayers will
curve such that the larger area of the particle surface resides on the external side,
resulting in o/w emulsions when θow < 90° and w/o emulsions when θow > 90°.10 If
the particles form a contact angle of exactly 90°, no emulsion will form preferentially,
and the oil and water will remain phase separated.65 This bending behavior of
particle-coated water/oil interfaces is shown in Figure 5-3. Additionally, removal of a
particle from the oil-water interface will be dictated by θow.

Figure 5-3: Bending behavior of emulsion droplets coated in particles.

65
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5.1.2 Stability of Solid-Stabilized Emulsions
It is known that in order for high stability to be achieved, contact angles of
particles with the oil-water interfaces should not stray too far from 90°. Furthermore,
particle roughness tends to be beneficial for stability. It has been proposed that
particles play a role in the stabilization of a thin emulsion film between two
approaching drops.72 Melle, et al. demonstrated that the stability of Pickering
emulsions can be adjusted when emulsions stabilized by paramagnetic particles are
subjected to an external magnetic field.73 In order for successful stabilization to
occur, it is necessary for the particles to be orders of magnitude smaller than the
droplets so that the particles will be properly located around the droplets.74 The size
of the particles correlates to the size of the droplets formed in stable emulsions, and
particles enable droplets up to a millimeter in size to be stable against coalescence,
something that is not easily achieved with molecular surfactants.10 In general, the
overall stability is inversely proportional to particle size, with smaller particles giving
a

higher

packing

efficiency,

and

thus

producing

a

more

homogeneous

monolayer.75,76

Small nanoparticles can be very effective in stabilizing emulsions because the
line tension, τ, is an important parameter in determining the emulsion stability. Line
tension, a one-dimensional analog of surface tension, arises as a result of the
excess free energy associated with a unit length of a 3-phase contact line,
particularly that surrounding a particle resting in an oil-water interface. The smaller
the particles stabilizing the drops, the greater the total length of the three-phase
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contact line that is formed when a drop of a given radius is produced. A spherical
particle (s) of radius r may begin entirely in the liquid phase α rather than liquid
phase β but subsequently adsorb to the αβ interface. Three separate interfaces, sα,
sβ, and αβ will be formed, and the area of sα interface lost during the adsorption
process will be replaced by an equal area of sβ interface.10,63

The τ value will also dictate the behavior of particles at an interface. A small,
positive τ could exclude particles from drop interfaces and prevent particle
adsorption, whereas a small, negative τ could result in a negative free energy of
emulsion formation. A positive τ can also produce energy barriers to particle
adsorption and desorption at drop interfaces and will therefore affect the kinetics of
emulsion breakdown. If τ is negative and the stabilizing particles are sufficiently
small, the free energy of droplet and emulsion formation can become negative in
certain regimes of particle wettability. Conversely, for sufficiently large positive
values of τ, the free energy can become positive so that particle adsorption and
emulsion stabilization are no longer thermodynamically feasible. In general, effects
resulting from a positive line tension become more pronounced as particle size is
reduced. It is possible, in principle, that small positive line tensions could prevent
nanometer-sized spherical particles from adsorbing at oil-water interfaces.10 It is also
recognized that particles exhibiting high or low contact angles relative to 90° are
ineffective emulsion stabilizers.75
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5.1.3 Phase Inversion in Solid-Stabilized Emulsions
Binks, et al. showed that solid particle surfactants enable phase inversion in
their emulsion systems. By changing the oil/water ratio above and below unity,
emulsions with low conductivity dispersed in oil were produced at low volume
fraction of water, ϕw, whereas highly conductive emulsions dispersed in water were
produced at high ϕw, shown in Figure 5-4. The ability to form both oil-in-water and
water-in-oil emulsions with the same particles represents a significant advantage
compared to the molecular surfactant systems that form gel emulsions rather than
inverting at extremes of volume fraction.63 These phase inverted emulsions were
found to be most stable at conditions near inversion, due to the high energies of
attachment of particles to interfaces. Furthermore, the value of ϕw at inversion
increases with particle hydrophobicity.
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Figure 5-4: Conductivity of water-toluene emulsions stabilized by hydrophobic silica particles
as a function of volume fraction of water at 298 K. The oil phase contained 2 wt.% particles:
water added sequentially to oil (open points) or oil added sequentially to water (filled points).
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5.1.4 Particles in Multiple Emulsions
When used in combination with molecular surfactants, solid particles enable
those systems to produce stable multiple emulsions. The particles act as a
mechanical barrier to coalescence when adsorbed to the interface.63 Oza and Frank
developed this type of system by using colloidal microcrystalline cellulose as the
water-soluble emulsifier in water-in-oil-in-water double emulsions that contained oilsoluble Span® surfactants.77 A similar stabilization effect was reported by Sekine, et
al. but for oil-in-water-in-oil double emulsions where the external water-oil interface
was partially coated with a layer of hydrophobic clay particles.78
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Binks, et al. sought to prepare multiple emulsions using particles as the sole
emulsifier.63 Highly stable double emulsions of both oil-in-water-in-oil and water-inoil-in-water type could be produced using a mixture of silica particles differing by
25% in SiOH content. In the oil-in-water-in-oil case, the inner oil drops are stabilized
by hydrophilicly-coated silica particles and the outer water globules are stabilized by
the

hydrophobicly-coated

particles.

The

adsorbed

particle

layer

prevents

coalescence of the drops despite their close proximity. These double emulsions
proved more stable than double emulsions produced with molecular surfactants due
to the lack of migration of particles from the inner to outer interface, and vice versa.

5.2

Graphene and Graphene Oxide
Graphene is an atomically thin layer of sp2-hybridized carbon atoms arranged

in a honeycomb lattice, shown in Figure 5-5, and is a material with excellent
mechanical, thermal, electrical, and optical properties.79–81 It has a Young’s modulus
of 1 TPa,82 a thermal conductivity of 5,000 W/mK,83 a specific surface area of 2,630
m2/g,84 an electron mobility of 250,000 cm2/Vs,85 and transmits 97.7% of visible
light.83 Geim and Novoselov were the first to successfully isolate and measure the
properties of a single layer of graphene,86 for which they were awarded the Nobel
Prize in physics in 2010. Despite its excellent properties, pristine graphene is
typically insoluble, intractable, and tends to decompose before it can be melted. As a
result, it has very little direct use in composite materials where a uniform mixture
must be produced.81
86

Figure 5-5: 2D network lattice of graphene sheets

The oxidation of graphite to form graphite oxide (GO) was first reported over
150 years ago in an attempt to determine the molecular weight of carbon,87 and
more recently has been used to facilitate exfoliation and impart water solubility to
graphite for processing.88–90 The three most common methods used for the oxidation
of graphene include Brodie’s synthesis,87 Staudenmaier’s synthesis,91 and
Hummers’ synthesis,92 developed in 1859, 1889, and 1958, respectively. Graphite
oxide can be converted to graphene oxide by exfoliation, shown in Figure 5-6.92 The
oxidation process converts graphene, a conductive material, into GO, an insulating
material. The reaction permeates the graphitic structure and adds various oxygen
functionalities to the graphene sheets, changing the sheets from sp2 to sp3
hybridization while also increasing the intersheet spacing.
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Figure 5-6: Conversion of graphite to graphene oxide by oxidation and subsequent exfoliation

A single layer of graphene oxide has a Young’s modulus of 207.6 GPa,93
whereas graphene has a reported Young’s modulus of 1.0 TPa.82 Despite the fact
that the Young’s modulus of GO is approximately five times less than that of
graphene, it is nearly the same as steel. This provides some promise for GO’s use in
composite materials that require excellent mechanical integrity.

5.2.1 Graphene Oxide as a Surfactant
The one advantage that GO has over graphene, however, is the fact that the
addition of oxygen functionalities makes graphene oxide dispersible in water. GO
can be viewed as an unconventional type of soft material since it carries some
characteristics of polymers, colloids, membranes, and amphiphiles. With a
hydrophobic carbon-based backbone and hydrophilic oxygen functionalities,
graphene oxide can thought of as a two-dimensional amphiphile and used as a
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surfactant to stabilize a water-oil interface.94,95 The amphiphilic nature of GO has
lead to its use in stabilizing emulsions,94,96–98 with potential applications in the
production of solar cells,96 magnetic nanocomposites,99 and supercapacitors.100

5.2.2 Graphene Oxide-Stabilized Emulsions
The surfactant-like character of GO has been utilized in the past to produce
oil-in-water Pickering emulsions.101,102 Thickett, et al. determined that the
stabilization energy associated with GO adsorption favored nonpolar oil phases over
polar ones.103 Guo, et al. showed that hollow graphene oxide spheres could be
isolated from these Pickering emulsions.104 Many of these systems take advantage
of dispersing the oil phase in an excess of water in the presence of GO, both with
and without the addition of a secondary surfactant. The emulsions reported are
described either as Pickering emulsions or as being surfactant-stabilized, as the
unique two-dimensional morphology of GO allows it to behave simultaneously as
both a molecular and a colloidal surfactant.95

Others have taken advantage of these GO-stabilized emulsions to perform in
situ emulsion polymerization reactions. These polymerizations can produce
spherical

particles,90,96,97,100

macroporous

composites,105

and

magnetic

nanoparticles.99 Hong, et al. demonstrated that GO sheets can also be templated
onto the surface of previously polymerized colloidal particles.106 Sun, et al. observed
that if a conductive polymer, like polyaniline, was used in the emulsion, polymer/GO
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composites with improved electrochemical performance over the original polymer
could be produced.100 Xie, et al. proved that the pH of the solutions used played an
important role in the stability of the emulsions, while the size of the GO sheets
influenced the morphology of the polymerized particles.96 These studies have paved
the way for the production of emulsion-based GO/polymer composite materials that
have

potential

applications

in

the

production

of

solar

cells,96

magnetic

nanocomposites,99 and supercapacitors.100
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Chapter 6: Graphene Oxide-Templated
Polymerization of Styrene via Colloidal
Suspension Polymerization

This chapter presents a method for tuning the properties of a GO-polymer
composite that takes advantage of the surfactant-like nature of GO sheets and their
ability to stabilize emulsions. By changing the GO concentration in a blended
water/styrene system, the size and overall composition of GO-coated polystyrene
beads can be controlled. A thorough investigation of GO’s ability to stabilize the
water-oil interface is conducted where the continuous phase is depleted, yet stable
emulsions are still achievable. A study is performed to determine the role played by
a crosslinker in the suspension polymerization process, highlighted by its effect on
the stability of the formulation as well as the morphology and surface characteristics
of the final products. These composite beads have the potential to be useful in the
production of industrial materials, as well as coatings and lubricants.
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6.1

Experimental Methods
6.1.1 Synthesis of Graphene Oxide
Graphene oxide was synthesized from natural flake graphite (Ashbury Mills

grade 3243, 50µm sheet size) using a modified Hummers’ method.92 625 mL of
concentrated sulfuric acid and 12.5 g of sodium nitrate were stirred for 30 minutes
prior to the gradual addition of 25 g of graphite over a 20 minute period. This was
followed by the slow addition of 75 g of potassium permanganate. After 2 hours, the
reaction was quenched with 1.5 L of water, and 625 mL of hydrogen peroxide was
added to oxidize the remaining manganese salts. For workup, 625 mL of
concentrated hydrochloric acid was added. The resultant GO was centrifuged and
filtered prior to being ground in a ball mill for 1 week to break up large chunks into a
powder.

6.1.2 Emulsification of Water/Styrene Mixture in the Presence of Graphene
Oxide
GO was added to DI water at concentrations of 0.1, 0.4, 0.7, 1.0, 2.0, and 4.0
mg/mL of total solution and suspended in a bath sonicator for 15 minutes to disperse
the GO sheets. The oil and water phases were mixed in 30/70 (v/v) and 70/30 (v/v)
ratios. In the styrene phase, 9 mg (for 30o/70w) and 21 mg (for 70o/30w) of
azobisisobutyronitrile (AIBN) was added for a target molecular weight of 10,000
g/mol and 0.375 mL (for 30o/70w) and 0.875 mL (for 70o/30w) of divinylbenzene
(DVB) was added for a 10% target degree of crosslinking. The mixtures were
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shaken for 10 seconds prior to blending for 30 seconds with a Kinematica
Brinkmann Polytron Homogenizer (Model PT 10-35). The emulsion formulations
were then placed in an oven at 65 °C overnight to polymerize. After polymerization,
the vials were placed in a second oven at 80 °C overnight to dry.

6.1.3 Effect of Blending Time on GO-Coated Polystyrene Spheres
To ensure that the sphere size was dependent only on the composition of the
emulsion formulation and independent of the emulsification process, identical
formulations were made and blended for 0.5, 2, 5, and 10 minutes. The samples
were prepared using a 70/30 (v/v) water/styrene ratio with a 1.0 mg/mL
concentration of GO with 9 mg of AIBN and 0.375 mL of DVB with target molecular
weight of 10,000 g/mol and degree of crosslinking of 10%. The samples were then
polymerized and collected as previously described.

6.1.4 Effect of Divinylbenzene Crosslinker on In Situ Emulsion
Polymerization
Two emulsion formulations were prepared with a 70/30 oil to water ratio and a
1.0 mg/mL overall concentration of GO. In one batch the oil phase consisted of
styrene and DVB (10% crosslinking) whereas the other batch contained an oil phase
consisting only of styrene. AIBN was added (target molecular weight 10,000 g/mol)
and the mixtures were blended for 2 minutes. Each batch was divided into five equal
aliquots and placed in an oven at 65 °C to polymerize. Samples were removed at 1,
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2, 4, 8, and 24 hours and poured into excess cold methanol to terminate the
polymerization and precipitate the polymer. Samples were then filtered by gravity
and dried overnight in an oven set to 80 °C. Solutions were prepared at 0.2% (w/w)
concentrations in THF and the dynamic viscosities were determined using a capillary
viscometer (size 0C, viscometer constant 0.002881 mm2/s2) purchased from Cannon
Instrument Company. Molecular weight measurements were performed using a
Waters GPC-1 System equipped with a 1515 HPLC Pump, Waters 717Plus
Autoinjector, and Varian 380-LC Evaporative Light Scattering Detector using
tetrahydrofuran (THF) as the mobile phase.

6.1.5 Analysis of GO-Coated Polystyrene Spheres
Field Emission Scanning Electron Microscopy (FESEM) was performed on a
JEOL JSM-6445F/Thermo Noran System Six EDXS with an accelerating voltage of
10.0 kV to analyze the surface characteristics of the spheres. Samples were coated
with a gold/palladium alloy using a Polaron E5100 SEM Coating Unit. Optical
microscopy was employed to measure the sphere sizes using a Nikon Diaphot TMD
Inverted Microscope. Images were calibrated using a stage micrometer and sphere
sizes were determined using ImageJ image processing software. Thermal
gravimetric analysis (TGA) was performed on a TA Instruments TGA Q-500 and was
used to determine the percent composition of GO in the final products. Samples
were loaded into platinum TGA pans and heated from 20 °C to 800 °C at a rate of 20
°C per minute in a nitrogen atmosphere.
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6.2

Results and Discussion

6.2.1 Emulsification Process
By introducing oxygen functionalities to the graphene sheets, both on the
edges in the form of carboxylic acids and the basal plane in the form of hydroxyl and
epoxy groups, the surface characteristics are distinctly changed. A degree of
hydrophilicity is introduced to a substance that was once completely hydrophobic. As
a result, the presence of hydrophilic oxygen functionalities scattered throughout the
surface of the graphene sheets allows GO to behave as an amphiphile. We have
harnessed this distinct characteristic and used GO as a surfactant to stabilize
water/styrene emulsions. When blended, the GO stabilizes the water/styrene
interface and prevents coalescence of the droplets that would lead to phase
separation. These emulsions are stable enough to allow sufficient time for the
styrene to polymerize in the presence of an initiator, AIBN. Yin, et al. suggested that
the formation and adsorption of polystyrene oligomers to the surface of the GO
sheets via π-π stacking and π-bonding interactions leads to rapid aggregation of the
GO at the interface and that the polymerization occurs via a nucleation and growth
mechanism starting from the surface of the GO.90

Many systems that have been previously investigated take advantage of
dispersing the oil phase in an excess of water in the presence of GO, both with and
without the addition of a secondary surfactant. In this study, however, it is observed
that even if the oil/water ratio is inverted, such that the oil phase is in excess, an oil-
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in-water emulsion will still form. It can be suggested, therefore, that it is the presence
and amount of GO in the emulsion formulation that drives the dispersal of the oil
phase. Even when the oil phase is in excess, an inverted water-in-oil emulsion
system is not produced. This is due to Bancroft’s rule, where the continuous phase
of the most stable iteration of the emulsion will be the phase in which the emulsifying
particles are preferentially dispersed.2

6.2.2 Morphological Characteristics of GO-Coated Polystyrene Spheres
Prior to using TGA as an analytical tool, the technique is also employed to
elucidate the structure of the polymerized emulsions. Rather than heating the
sample completely past the decomposition temperature of polystyrene and GO, the
sample is heated to 450 °C to burn out only a portion of the polymer, leaving some
polystyrene and the GO shell behind. This recovered residue is then mounted onto
an SEM stub. When viewed using FESEM, a distinct core-shell structure can be
observed, as shown in Figure 6-1. Having burned off a portion of the polystyrene,
the polymer core is separated slightly from the GO skin, which has become cracked
and ruptured. Observation of both the polymer sphere as well as the flaking of the
GO skin as it separates from the polymer confirms the core-shell morphology we
predicted, rather than the surface-adsorbed107 or intercalated composite structure108
observed by others.
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Figure 6-1: SEM images of GO coated spheres after heating to 450 °C at a rate of 20 °C/min. Degrading a portion of the
polystyrene sphere reveals and defines the GO shell surrounding the polymer sphere.

The lack of sufficient GO to emulsify the entire oil phase results in excess
styrene that will be emulsion-polymerized without first being templated by GO. This
occurs because the partition coefficient of AIBN between polymer particles and the
aqueous phase is 115.21 Furthermore, styrene is mildly miscible with water, and the
presence of both monomer and initiator in the aqueous phase results in the
formation of radicals in both the oil phase and the aqueous phase. The excess
styrene instead forms a suspension of micron to sub-micron size drops that
polymerize concurrently with the GO-coated drops. In the final product, micron-sized
polystyrene beads collect and dot the GO-covered surface of the much larger GOtemplated polystyrene spheres, as shown in Figure 6-2a. These small beads of
polystyrene adhere to the GO surface of the templated spheres due to the fact that
they prefer as hydrophobic an environment as possible, and GO, when being
compared to the aqueous continuous phase, is the more hydrophobic phase. When
the GO concentration is increased, there is enough GO to emulsify the entire oil
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phase, which prevents any styrene from being left behind to be polymerized without
first being templated by the GO. This results in spheres that have a smooth GO skin
without excess polystyrene adhering to it, as shown in Figure 6-2b.

Figure 6-2: (a) SEM image of sphere surface produced with a GO concentration of 0.367 mg GO/g styrene. The lack of
sufficient GO to stabilize the oil phase results in small polymer spheres lacking a GO coating being deposited on the larger GO
stabilized spheres. (b) SEM image of spheres produced with a much higher GO concentration of 7.33 mg GO/g styrene.

6.2.3 Dependence of Sphere Size on GO Concentration and Mixing Time
Even at concentrations as low as 0.1 mg of GO per mL of total solution or a
ratio of 0.367 mg GO/g styrene, the presence of GO is enough to stabilize a styrenein-water emulsion. After shaking briefly and blending for only 30 seconds, a stable
emulsion can be achieved with styrene as the dispersed phase in a continuous
phase of water. Low concentrations of GO do, however, limit the surface area that
can be stabilized in an emulsion, resulting in larger spheres than when more GO is
present. GO-coated polystyrene spheres from a low GO concentration emulsion are
shown in Figure 6-3a. Increasing the concentration of GO in the dispersion from 0.1
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mg GO/mL solution to 2.0 mg/mL (ratio increase from 0.367 to 7.33 mg GO/g
styrene) results in an increase in the surface area of the oil droplets in the
continuous water phase. As the total mass of oil does not change, much smaller
spheres, shown in Figure 6-3b, are formed.

This result is in agreement with those published by He, et al., where
increasing the concentration of GO in an oil-in-water emulsion system results in
smaller oil droplets.101 However, a trend in drop size alone was not enough to
evaluate our system. Having made two distinct sets of emulsions with different
water/oil mixing ratios, a characteristic other than the overall GO concentration
needed to be examined so that the two sets could be compared side by side. By
calculating the mass ratio of GO (mg) to styrene (g) in the original formulation, the
overall effect of GO concentration could be determined and a clearer picture of its
effect could be produced. It became apparent that the true role of the aqueous
phase is to keep the GO exfoliated so that it could easily migrate to the oil/water
interface. This is because while GO is hydrophilic enough to be suspended in water,
it is still partially hydrophobic and would prefer to find a middle ground between the
pure water and pure oil. Meanwhile, no appreciable amount of GO remains in the
water phase of the emulsion. Increasing the amount of GO in the mixture
necessitates an increase in the interface needed to accommodate it. In order to
increase the overall interface available, the surface area to volume ratio must be
increased and the size of the resultant spheres decreased. As shown below in
Figure 6-2c, the size of the spheres decreases with increasing amounts of GO.
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Figure 6-3: Factors affecting sphere size (a) SEM image of spheres formed with a GO concentration of 0.367 mg GO/g
styrene, (b) SEM image of spheres with much higher GO concentration of 7.33 mg GO/g styrene. (c) Plot of sphere size as a
function of GO/monomer ratio. Increasing the relative amount of GO is shown to decrease the sphere size.
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It was also necessary to determine whether the stability of the emulsion and
the size of the spheres produced depend only on the formulation and the available
amount of GO, or if it also depends on the emulsification process itself. The size of
emulsion droplets could also depend on the amount of time the system is mixed.109
To determine how this might affect our system, four separate batches with the same
composition were prepared and emulsified for 0.5, 2, 5, and 10 minutes using the
emulsion blender. An ice/water bath was used to prevent the samples from
overheating during the blending process, which would have resulted in premature
polymerization of the styrene, especially in the 5- and 10-minute blending samples.
The samples were polymerized in the same oven set at 65 °C overnight and then
dried out. After performing the same size analysis as in the previously discussed
study, the average sphere size of the polymerized emulsions are found to be within
one standard deviation of each other, regardless of the mixing time, as shown in
Figure 6-4. This allows us to conclude that the thermodynamic and kinetic products
are one in the same. Increasing the mixing time alone does not result in smaller
spheres, but the final sphere size is dictated by the amount of GO available to
stabilize the oil/water interface.

101

Figure 6-4: Effect of emulsion blending time on the sphere size. Mixing time does not affect sphere size, leading to the
conclusion that the amount of surfactant (GO) determines sphere size, rather than the emulsification process.

6.2.4 Effect of Divinylbenzene Crosslinker on In Situ Emulsion
Polymerization
A study was devised to determine how the presence of a crosslinker,
divinylbenzene, would affect the polymerization process. By tracking the progress of
the polymerization both with and without crosslinker, the morphology of the resulting
product and subsequently the stability of the emulsion could be determined. The role
of the crosslinker in the emulsion polymerization process was studied by comparing
samples taken at various time points throughout the polymerization.
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The emulsion’s stability is greatly affected by the presence of crosslinker.
While all samples were prepared and emulsified in the same manner, polymer
spheres made without crosslinker could not be recovered until after 24 hours of
polymerization time. On the other hand, when made with crosslinker, spherical
particles were recovered after as little as two hours of polymerization, as shown in
Figure 6-5a. It is also noteworthy that the overall yield of polymer that can be
recovered deviates greatly depending on the presence of a crosslinker. With a
theoretical yield of polymer of approximately 6.4 grams, yields of greater than 80%
could be achieved after as little as four hours of polymerization if the system
contained divinylbenzene. Conversely, yields remained relatively low for the system
made without divinylbenzene unless the polymerization is allowed to proceed for 24
hours, as shown in Figure 6-5b.
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Figure 6-5: Comparison of reaction systems with and without divinylbenzene (DVB) crosslinker. (a) Comparison of products
produced with (right) and without (left) DVB. A fine powder made up of spheres can be recovered after as little as 2 hours when
polymerized with DVB, but a powder cannot be recovered until after 24 hours of polymerization time without DVB. (b) Plot of
yield of recovered solid as a function of time for the DVB containing system (blue) and the neat styrene system.

The presence of crosslinker is expected to accelerate the increase in viscosity
associated with the polymerization and thus stabilizes the spherical morphology after
a short period of time. In order to directly compare the crosslinked and uncrosslinked
polymers, 0.2% (w/w) solutions were prepared in THF, and the viscosities of those
solutions were measured. The uncrosslinked polymers could be readily dissolved in
THF, whereas only the crosslinked sample polymerized for one hour could be
successfully dissolved. As shown in Figure 6-6, after one hour of polymerization, the
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viscosity of the polymer solution had already increased in the presence of
crosslinker. After polymerizing for two hours, the viscosity of the polymer had
increased so significantly that it only swelled when stirred in THF for 24 hours, and
did not swell at all after polymerizing for 4 hours and beyond.

The degree of

crosslinking had increased so drastically after 4 hours that THF, which is typically a
good solvent for polystyrene, could not intercalate the chains to even swell the
polymer, let alone dissolve it. This rapid crosslinking results in an immediate
increase in the effective molecular weight of the polymer and allows it to maintain
the spherical morphology of the emulsion. Without crosslinker, the emulsion’s
stability is decreased to the point that when decanted into excess methanol to
terminate the polymerization, the spherical shape is lost completely unless the
polymerization is allowed to proceed to completion.
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Figure 6-6: Plot of viscosity of dispersed monomer phase as a function of time for the DVB containing system (blue) and the
neat styrene system (red).

It is known that the viscosity of a polymer solution is directly proportional to
the molecular weight of the dissolved polymer.110 To confirm the trend observed in
the viscosity values of the uncrosslinked polymer, gel permeation chromatography
(GPC) was used to determine the molecular weight and polydispersity index of the
polymers. As shown in Figure 6-7, the slight decrease in viscosity between the 1
and 2 hour samples can be attributed to low molecular weight polymer, as confirmed
by GPC. This is also as expected, as the increase in viscosity and the decrease in
initiator concentration as the polymerization proceeds both lead to higher molecular
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weight material. As the polymerization proceeds, an increase in the polydispersity is
observed, as shown in Figure 6-8.

Figure 6-7: Molecular weight plotted against reaction time for DVB test
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Figure 6-8: Polydispersity index (PDI) plotted against reaction time for DVB test

As shown in Figure 6-9, the increase in the polydispersity index results from
a bimodal distribution that is observed after the polymerization is allowed to proceed
for 24 hours. This occurs because in the absence of crosslinker, the monomer
cannot be trapped within the droplets and a portion of it is able to escape into the
continuous phase and polymerize without first being templated by GO. This results
in micron-sized polymer spheres being polymerized in the continuous phase and
adhering to the surface of the templated spheres.
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Figure 6-9: (top) GPC traces from DVB test. Samples were terminated in MeOH then redissolved in filtered THF prior to
analysis by GPC. (bottom) Surface of GO-coated PS spheres polymerized with (left) and without (right) divinylbenzene. The
absence of crosslinker allows a portion of the monomer to escape and polymerize in the continuous phase without first being
templated by GO.
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6.2.5 Composition of GO-Coated Polystyrene Spheres
In an effort to determine the amount of GO retained by the emulsions, the
spheres were dried in an oven overnight and analyzed by thermal gravimetric
analysis (TGA). By heating the spheres to 800 °C in a nitrogen atmosphere, any
excess water trapped in the emulsions can be burned off, along with the entire
polystyrene core. The GO left behind as a residue in the platinum TGA pan was then
quantified as a percentage of the original sample, so that the percent composition of
GO in the polymerized spheres could be determined. A typical TGA trace of the
samples is shown in Figure 6-10, showing decomposition events for water and PS
while leaving behind a GO residue.
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Figure 6-10: TGA trace of GO-coated polystyrene spheres. The samples were heated under nitrogen atmosphere from 20°C
to 900°C at a rate of 20°C/min. The percent composition of GO was calculated by dividing the percent residue by the sum of
the percent residue and the percent styrene decomposition, occurring at approximately 400°C.

As shown in Figure 6-11, the percent composition of GO in the spheres
increased in a near linear manner with the GO/styrene ratio. There exists a gap
between the experimental and theoretical values for the amount of GO retained in
the final products. The theoretical percent composition of GO in the product was
calculated as a percentage of the mass of GO blended into the initial emulsion
relative to the total mass of GO, styrene monomer, AIBN initiator, and DVB
crosslinker. The difference between the theoretical and experimental values
suggests that some of the styrene was not recovered in the final product. In fact,
there was a skin of excess polystyrene collected at the top of the mixture in the vials.
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This skin results from the styrene being slightly miscible with water, which causes a
small portion of the monomer to become redispersed in the continuous phase of the
emulsion and therefore unable to be converted into spheres. This portion of the
monomer polymerized in the aqueous phase without being templated by GO.

Figure 6-11: Plot of GO composition of the spheres as a function of the GO/monomer ratio. The data is plotted alongside the
theoretical percent composition, calculated as a ratio of the mass of GO in the original emulsion to the total mass of GO,
styrene, initiator, and crosslinker.

This relative increase in the amount of GO in each sample has a two-fold
cause. First, the simple act of increasing the amount of GO in the initial formulation
will inherently result in an increased amount of GO in the final product. Secondly,
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increasing the amount of the surfactant results in a much larger surface area that
can be stabilized by the surfactant. This results in smaller spheres such that the
overall sample has a much higher surface area to volume ratio. In this system, GO
can be thought of as the surface area, and the polystyrene core can be thought of as
the volume. Increasing the amount of GO relative to the polystyrene by going from
smaller to larger spheres would result in a higher percentage of the mass being
taken up by GO, which the TGA data clearly confirms. However, when comparing
Figure 6-3c with Figure 6-11, a further conclusion can be drawn. While the particle
size reaches a lower limit and plateaus beyond a GO/monomer ratio of 6 mg GO/g
styrene, the percentage of GO in the product continues to increase. This suggests
that the thickness of the GO shell is increasing due to additional layers of GO sheets
being deposited on the surface.

6.3

Conclusion
By taking advantage of oxygen groups spread throughout the carbon lattice,

graphene oxide can act as an amphiphile, creating a surfactant that can be used to
stabilize oil-in-water emulsions. This chapter highlights this aspect of GO’s utility by
using GO to template the emulsion polymerization of styrene particles. Changing the
concentration of the GO in the initial formulation allows us to adjust the size and
percent composition of the final particles by varying the overall surface area
available to be stabilized by the GO. Furthermore, the role of a crosslinker in the
polymerization process is elucidated. The ease with which the GO/polymer ratio in
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the particles can be adjusted provides a potential mechanism for tailoring the overall
GO-loading in composite materials.
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Chapter 7: Suspension Polymerization
Performed with Physically- and ChemicallyModified Graphene Oxide

This chapter investigates the chemical and physical modifications of
graphene oxide (GO) and the colloidal suspension polymerization products that can
be made when templated with the modified GO. Emulsification of a water/chloroform
mixture with GO results in fractionation of the GO based on the degree of oxidation.
These batches of highly oxidized and less oxidized GO were then used to emulsify
the water/styrene system, described in the previous chapter, and the products were
qualitatively compared. The surface properties of GO were then altered by
functionalization with chlorosilanes and a reverse-phase water-in-oil emulsion
system was produced, where the continuous phase can be polymerized rather than
the dispersed phase. This opens up a possible route toward functional composite
materials that unadulterated graphene cannot provide.
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7.1

Experimental Methods

7.1.1 Fractionation of Graphene Oxide
400 mg of GO was dispersed in 50 mL of DI water and bath sonicated for 5
minutes. 50 mL of chloroform was added and the mixture was shaken to emulsify
the chloroform. GO-stabilized chloroform droplets were allowed to settle to the
bottom of the jar and the upper aqueous layer with a portion of the GO still dispersed
in it was decanted. The solvents were evaporated and two fractions of GO were
recovered. GO-coated polystyrene particles were made and analyzed by the
previously described method using these fractionated GO samples.

7.1.2 Silanation of Graphene Oxide
Three batches of graphene oxide were dispersed in dry THF (7.5 mg/mL),
then bath sonicated for 2 minutes. Trimethylsilyl chloride (TMSCl) was added to
each vial with 20%, 60%, and 100% target degrees of silanation. The target
silanation was calculated based on the percent composition of oxygen in the batch
of GO, which was determined by elemental analysis. The vials were stirred overnight
prior to the evaporation of the THF. The silanated GO samples were analyzed using
TGA by heating from 20 °C to 800 °C at a rate of 20 °C/min in air. The silanated GO
samples were then used to emulsify the styrene/water mixture for suspension
polymerization using the previously described procedure.
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7.2

Results and Discussion

7.2.1 Effect of Fractionation of Graphene Oxide
It has been demonstrated that GO can be separated into fractions based on
the degree of oxidation. By using GO to stabilize a chloroform-in-water emulsion, it
was found that more highly oxidized GO remains dispersed in the water phase, while
the less oxidized GO stabilized the oil-water interface. By separating the emulsion
phase from the excess aqueous phase and evaporating off the liquids, two fractions
of GO with distinctly different degrees of oxidation can be isolated. The level of
oxidation was determined using X-Ray diffraction. The “aqueous GO” showed a
much larger graphene oxide peak, with a GO/graphite ratio approximately four times
greater than that of the “emulsion GO.” These two fractions were then used in the
water/styrene emulsion system to make the same GO-coated polystyrene spheres,
as shown below in Figure 7-1.
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Figure 7-1: Effect of extent of GO oxidation on the shape of the dispersed monomer phase of the emulsion. Particles produced
with (a) highly oxidized “aqueous” GO and (b) less oxidized “emulsion” GO

He, et al. showed that partial reduction of the graphene oxide affected the
shape of the droplets in a GO-stabilized Pickering emulsion.101 Guo, et al. observed
that gradually increasing the degree of oxidation in a GO sample produced hollow
spheres that proceeded from rough and irregular to smooth and uniform.104
However, uniformity of oxidation in any given sample of GO can be very difficult to
achieve, but fractionation proves an effective method for separating GO of different
oxidation levels from a sample.

As observed in Figure 7-1a, the highly oxidized GO recovered from the
aqueous fraction results in nearly perfectly spherical particles. Conversely, the less
oxidized GO could still be used to stabilize the emulsion, but the resultant particles
were discovered to be nonspherical, with flat spots and inconsistencies throughout
the surface, shown in Figure 7-1b. This is due, in part, to the fact that the highly
oxidized GO has more defects introduced into the original sp2-hybridized graphene
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lattice. By replacing highly rigid double bonds with more freely rotational single
bonds, the GO sheets become inherently more flexible. As a result, highly oxidized
GO is able to bend and flex to accommodate the curvature of a spherical emulsion
droplet in a way that the less highly oxidized GO cannot.

Another cause for the irregular particle shape observed with the “emulsion”
GO results from a less efficient exfoliation process. GO is exfoliated into individual
sheets by sonication in water. The presence of hydrophilic oxygen functional groups
on the edges and surfaces of the GO sheets allow the water to intercalate a bulk
sample of graphite oxide and aid in the exfoliation into graphene oxide. However,
when separated into more and less oxidized fractions, the ease of that exfoliation
process is altered. The highly oxidized GO is still easily intercalated by water,
allowing for quick and efficient exfoliation into individual sheets. However, the less
oxidized GO has much less oxygen functionality on its surfaces, making the
intercalation process more difficult and impeding the exfoliation process. As a result,
portions of the “emulsion” GO are still present as stacks or subject to an appreciable
amount of overlapping in the dispersion. These aggregates are inherently less
flexible and thus prevent the emulsion droplets from achieving a perfectly spherical
shape such that the particles produced have an oblong or puckered appearance.
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7.2.2 Phase Inversion by Functionalization of Graphene Oxide
In order to demonstrate that GO forms oil-in-water emulsions as a result of its
hydrophilicity, the GO sheets are made more hydrophobic by functionalization with
trimethylsilyl (TMS) groups. The goal here is to introduce a new method of adjusting
the hydrophilic/hydrophobic balance of the GO sheets to the hydrophobic side. By
capping the oxygen functionalities on the surface of the GO sheets with TMS, the
hydrophilic functional groups on the basal plane are made hydrophobic. The
functionalized GO recovered is analyzed by TGA with unfunctionalized GO as a
reference. As shown in Figure 7-2, the silanated GO samples leave increasingly
larger residues, coinciding with an increase in the functionalization. The percentage
of that residue in the silanated samples was normalized against that of
unfunctionalized GO and is outlined in Table 7-1.
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Figure 7-2: TGA trace of silanated GO samples, as compared to unfunctionalized GO. The increase in the residue coincides
with an increase in the degree of silanation.

Sample
Unfunctionalized GO
Silanated GO 1
Silanated GO 2
Silanated GO 3

% Si Residue by TGA
0%
3.5%
3.9%
5.7%

Table 7-1: Percent residue of silanated GO samples normalized to that of unfunctionalized GO

The increase in the degree of silane-functionalization is also confirmed by
FTIR spectroscopy, shown in Figure 7-3. The gradual increase in the intensity of the
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Si-O-C asymmetrical stretching band at ~1150 cm-1 is indicative of an increase in the
TMS-functionalization in the GO sheets.111

Figure 7-3: FTIR of silanated GO samples, where the increased intensity of the Si-O-C asymmetrical stretching band at ~1150
-1

cm is indicative of the increased TMS-functionalization on the surface of the GO sheets.

Woltornist, et al. showed that graphene sheets will climb hydrophilic
substrates to form a homogeneous thin film one to four layers in thickness.112 When
dispersed in a 1:1 mixture of heptane and water in a closed container, graphene
sheets climb the interface between the hydrophilic glass surface and the
hydrophobic heptane vapor. This method provides an additional approach to
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characterizing the extent to which the silanation of the GO sheet surfaces imparts
hydrophobicity on the material. 5 mg samples of GO with varying degrees of
silanation were added to 1:1 mixtures of heptane and water and agitated to disperse
the sheets. As shown in Figure 7-4, the silanated GO behaves very similarly to
graphene in that it will climb the interface between the hydrophilic surface of the vial
and the hydrophobic heptane liquid and vapor above the liquid. On the other hand,
unfunctionalized GO remains dispersed in the aqueous layer and at the liquid/liquid
interface after agitation, emulsifying a portion of the heptane. Furthermore, the
extent to which the film will climb up the glass surface correlates very closely to the
extent of silanation characterized by the TGA and FTIR analysis.

Figure 7-4: Silanated GO climbs the wall of glass vials, stabilizing the interface between the hydrophilic
glass surface and the hydrophobic heptane liquid as well as the heptane vapor above the solution, while
unfunctionalized GO remains dispersed in the aqueous layer and the liquid/liquid interface. The extent to
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which the silanated GO will climb the glass surface correlates to the degree of silanation determined by
TGA.

Producing the aforementioned emulsion system with GO sheets, whose
surfaces have now been made hydrophobic, the silanated GO disperses in the
hydrophobic styrene portion of the mixture, resulting in a phase-inversion of the
resultant emulsion, from oil-in-water to water-in-oil. After blending and overnight
polymerization in the oven, a solid composite was formed, rather than a powder, as
shown in Figure 7-5a. Further inspection of the composite material using FESEM
reveals that the solid composite is a porous material, shown in Figure 7-5b. This
indicates that silanation of GO produces a hydrophobic surface resulting in a phaseinversion of the emulsion system, when all other components of the formulation
remained the same.

Figure 7-5: Emulsion products with silanated GO. (a) Unfunctionalized GO produces a gray powder (left) while silanated GO
produces a solid black composite (right) (b) SEM image of composite material made with most highly silanated GO. Porous
material indicates that the composite was made from a water-in-oil emulsion system.
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7.3

Conclusion
In this chapter, evidence is given that the overall graphitic character affects

the shape of the particles produced by limiting the flexibility of the GO sheets and
preventing them from achieving the curvature required to produce perfectly spherical
particles. By taking advantage of the preferential adsorption of less oxidized GO to a
water/chloroform interface, two fractions of GO can be isolated from a single batch
based on degree of oxidation. While both fractions are able to template the
suspension polymerization of styrene, the degree of oxidation has a great effect on
the final product. It is shown that chemical functionalization of the surface of GO
sheets with trimethysilyl groups can convert the hydrophilic surface to a hydrophobic
one. The functionalization and subsequent change in surface characteristics were
confirmed by TGA and a solvent interface trapping technique. When used as the
surfactant, the change in surface characteristics results in a phase inversion in the
products produced from the same suspension polymerization process.
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Chapter 8: Summary and Future Work

8.1

Summary
A new capillary microfluidic device was developed that provides a more

robust and user-friendly setup for the production of monodisperse double emulsions
and polymersomes. The device does away with tedious assembly required of the
flow focusing and co-flow devices currently in use. By taking advantage of a sturdy,
inexpensive,

and

solvent-resistant

UHMW

polyethylene

scaffold

and

fully

interchangeable parts, the device allows for rapid replacement of clogged or broken
capillaries and easy adjustments to the channel lengths and diameters. As a result,
the device is easily tailored to any experiment and application.

The microfluidic device was used to produce double emulsions with a range
of drop sizes and encapsulation profiles by taking advantage of the well-defined
transition between the dripping and jetting regimes. The dependence of drop size on
both the inner and outer flow velocity was investigated so that double emulsions,
and subsequently polymersomes, could be produced with different sizes and
encapsulation profiles with great efficiency.
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The

stability

and

lifetime

of

double

emulsions

produced

by

the

aforementioned microfluidic device were also investigated. The necessity of an
additional surfactant, poly(vinyl alcohol), was confirmed by analyzing the lifetime of
double emulsions produced with an aqueous phase lacking PVA. It was shown that
double emulsion stability could be improved by increasing the viscosity of the
organic phase via the addition of more block copolymer, as well as by better
matching the densities of the aqueous and organic phases via the addition of
sucrose to the encapsulated aqueous solution. The effect was investigated both by
analysis of double emulsions sinking through a column of water, as well as by
observation of a double emulsion during the dialysis process using a pendant drop
tensiometer. However, while stability could be improved by altering the composition
of the aqueous and organic phases, without PVA in the aqueous phase to act as a
lateral surfactant to create a barrier at the interface, the inner aqueous droplet was
still expelled.

Although graphene oxide has been used in the past to produce Pickering
emulsions and polymer composites, very little control of the system could be
achieved. While producing micron-scale polystyrene particles that are coated with
graphene oxide, the size and overall composition of those particles could be
controlled by adjusting the GO/monomer ratio. The core-shell structure of the
particles was confirmed by using TGA as a qualitative, in addition to quantitative,
tool by burning out a portion of the polymer core to expose both components. The
role played by divinylbenzene as a crosslinker was investigated, highlighted by its
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effect on the stability of the formulation during polymerization in addition to the
morphology and surface characteristics of the product recovered.

Finally, chemical and physical modifications to GO were performed to
determine how they would affect the suspension polymerization products that could
be produced. By separating a batch of GO into more and less oxidized fractions, it
was concluded that the shape of the particles produced depends on the overall
flexibility of the GO sheets. Highly oxidized GO with a greater ability to bend and flex
produced perfectly spherical particles, whereas less oxidized GO that had more rigid
graphitic character produced particles with a puckered surface. It was also shown
that by functionalizing the hydroxyl groups on the surface of GO sheets with
trimethylchlorosilyl groups, the hydrophilic surface could be converted to a
hydrophobic one, such that the functionalized GO would form an inverted water-in-oil
emulsion. When polymerized, a porous, GO-intercalated composite material could
be produced that could pave the way for functional GO/polymer composites.

8.2

Future Work
In the study outlined earlier, the dialysis of double emulsions to

polymersomes was observed but could not be completed due to expulsion of the
inner aqueous droplet. If the study is performed again but with PVA dissolved in both
the inner and outer aqueous phases of the double emulsion system, it is reasonable
to suspect that the dialysis could be carried out to completion and the formation of a
polymersome membrane could be observed. It may also be beneficial to construct a
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perpetual zero gravity system where the double emulsion could be buoyed by a
vertical flow of fresh aqueous solution while excess aqueous solution is siphoned off
the top of the vessel. This would eliminate the need for the glass stand and create a
scenario such that the dialysis is continuous while the double emulsion is not in
contact with any solid surface.

GO/polystyrene powders were produced that have surfaces consisting of GO
sheets. These sheets could later be reduced to restore the conjugated π-system
and, to a degree, the conductivity of the sheets to produce a conductive powder.
Silanation of the surface of graphene oxide sheets resulted in a phase inversion of
the emulsion that the sheets could produce. The product of the subsequent
suspension polymerization was found to be a porous composite material rather than
a powder. It stands to reason that the trimethylchlorosilyl groups on the surface of
the composite, particularly in the pores, could be removed using mild acids to
restore the hydroxyl functional groups. A second polymer could then be grown from
the functionalized surface of the GO/polystyrene composite and open the door for a
wider range of thermal and mechanical properties attainable with these composite
materials.
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Chapter 10: Appendix

Figure A-1: Polymersomes viewed under transmitted light (left) and fluorescence (right). Larger polymersomes result from
droplets coalescing in solution prior to dialysis and self-assembly of the polymer membrane.
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Figure A-2: Water-in-oil-in-water double emulsion held
on a glass pedestal in a clear plastic box filled with
water
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Figure A-3: GO/Water/Chloroform emulsion produced with pure DI water (left) and 0.1% (w/w)
solution of PVA (right) as aqueous phase. The presence of PVA in the aqueous phase fully
occupies the hydrogen-bonding sites available, preventing excess GO from remaining dispersed
in the aqueous phase.
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Figure A-4: Styrene polymerized in chloroform that has been emulsified with water in the presence of GO. (a) Polymerized
emulsion mixture collected in chloroform (b) Agglomeration of spheres removed after stirring in chloroform overnight (c)
Agglomeration of spheres dried at room temperature and (d) GO-coated spheres attached to each other as viewed under
FESEM.
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Figure A-5: Microparticles created from a water/styrene emulsion stabilized by hexagonal boron nitride (hBN)
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