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Abstract
Block copolymers capable of self-assembly provide a broad platform for the development of
functional materials due to the ability to conveniently tune the microdomain geometry through changes
to their molecular parameters. Of particular interest are selectively solvated ABA triblock copolymer
organogels loaded with reverse micelles. These materials utilize multiple self-assembly processes and
have potential applications in drug delivery. This work will focus on demonstrating the feasibility of
fabricating such systems by solvent casting, and characterizing the structural and transport properties of
the resulting gels. Parameters such as copolymer composition and block fraction can be varied to yield
gels with varying microstructures. These microstructures are primarily investigated using small angle xray scattering (SAXS) to obtain quantitative information about the size and shape of the various
microdomains. The impact of changes to these microdomain geometries on reverse micelle mobility
within the gels are then determined using bulk elution methods in which the reverse micelle concentration
within the gels over time is determined using quantitative Fourier transform infrared spectroscopy
(FTIR). The results indicate that a high level of control can be achieved with polystyrene domain radius
and mesh size values ranging from 4.6 to 16.2 nm and 12.4 to 49.4 nm, respectively, producing reverse
micelle diffusion coefficients ranging from 1 x 10-15 to 1 x 10-13 m2/s.

ix

1. Introduction
Block copolymers capable of spontaneous self-assembly are of significant scientific interest due
to their ability to achieve various nanoscale morphologies. The size, shape, and periodicity of their
microdomains can be conveniently tuned by changes to their molecular parameters. As such, block
copolymers provide a broad platform for the development of functional materials in a variety of
applications, such as templates for nanoparticle synthesis, membranes, and dielectric elastomers (Zhao
et. al. 1998, Park et. al. 2003, Shankar et. al. 2008). An extension is to systems that exploit multiple levels
of self-assembly. The individual assemblies in such a system have the ability to control separate attributes
of the material. For example, in gels impregnated with aggregated payload molecules or loaded micelles
or vesicles, the fixed gel network provides the mechanical properties and support, while the unbound
aggregates are capable of the transport of payload compounds, such as drugs, within the gel (RuelGariepy et. al. 2002, Gou et. al. 2008, Dolwing et. al. 2009). Of particular interest is the case of
microphase separation of an ABA triblock copolymer in the presence of a B-selective solvent, along with
assembly of reverse micelles (i.e., micelles assembled with the core composed of the hydrophilic
segments) in the same solvent, to yield a gel with both networked and mobile micelles. Such gels are the
focus of the work in this thesis.
The majority of studies conducted on gels that use multiple self-assembly have been conducted
on hydrogels due to their wide applicability in biological applications (Peppas 1997, Qui 2001, Hoare &
Kohane 2008). As a results there is limited understanding of multiple self-assembly in nonpolar
environments. The use of a nonpolar organic solvent does not prevent the individual self-assembly of
ABA block copolymer networks or reverse micelles (Abdallah & Weiss 2000, Chatterjee et. al. 2006),
therefore the fabrication of organogels containing reverse micelles is an intriguing fundamental research
direction to be explored.
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Organogels possess multiple advantages over hydrogels. Higher molecular weight solvents (e.g.
mineral oil) can be used. These solvents have very low vapor pressures resulting in gels that do not dry
out under ambient conditions, unlike hydrogels (Totten 2003). The variety of solvents available also
allows for a much broader range of operating conditions. Whereas hydrogels are limited to use between
the freezing and boiling points of water (0 °C to 100 °C), organogels can be processed and applied over
a wide range of temperatures. Ranges as wide as -50 °C to >300 °C can be achieved for mineral oil, based
on an absence of crystallization and higher boiling point (Totten 2003). These advantages warrant
investigation of reverse micelle containing organogels for practical purposes, as well.
Reverse micelle containing organogels have the potential to be used in applications such as
transdermal drug delivery. The reverse micelles could function as carriers for hydrophilic drug
compounds, while the organic solvent used in gels can act as a skin swelling agent (i.e., an excipient),
eliminating the need for an additional component as would be the case in an analogous hydrogel system
(Hadgraft 1999, Baseeth & Sebree 2011). To realize such potential applications, the structural, transport,
and mechanical properties of loaded block copolymer organogel systems must be understood. The goal
of this thesis is to advance the understanding of organogels in the context of these properties.
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2. Background
This section provides fundamental information relevant to the topic of the proposed work. It starts
with an overview of copolymer network self-assembly in the presence of a midblock-selective solvent
followed by the mechanisms surrounding micelle formation. From there, an overview of the material
properties of interest for this work (structural and transport) is given along with a discussion of how they
are characterized within reverse micelle loaded organogel systems.

2.1 Copolymer Self-Assembly
The polymer network in reverse micelle loaded organogels is established through the selfassembly of block copolymers. Block copolymers are capable of spontaneous self-organization into
various microphase morphologies (Krishnan et. al. 2011, Mineart et. al. 2017). This self-organization
occurs as microphase separation driven by thermodynamic incompatibility between the copolymer
blocks. Various morphologies are achievable due to competing enthalpic and entropic effects of block
incompatibility and interfacial chain packing (Klol & Lecommandoux 2001, Mineart et. al. 2016).
Therefore the morphology achieved will vary with copolymer parameters such as the copolymer
composition, molecular weight, and strength of incompatibility.
The incompatibility between blocks is defined as χN, where χ is the Flory-Huggins interaction
parameter and N is the degree of polymerization. The value of χ is primarily a function of temperature,
however it can be affected by other factors, as well. For instance, stiffness asymmetry in the copolymer
architecture (e.g., coil-coil vs. rod-coil) can result in an increase in incompatibility (Klok &
Lecommandoux 2001). For copolymer self-assembly, the resultant morphology also depends on fA (the
fraction of blocks of species A). For an ABA triblock copolymer at constant χN, generally four different
ordered morphologies can be distinguished: altering lamellae (LAM); bicontinuous gyroid (G);
hexagonally packed cylinders (CYL); and spheres on a body-centered cubic lattice (S) (Matsen 2000,
3

Krishnan et. al. 2012). As fA is decreased from 0.5, a transition from LAM to G to CYL to S is observed,
as seen in Figure 1.

Figure 1: (a) Theoretical phase diagram for an ABA triblock copolymer with transition described in main text shown with
arrow. (b) Schematic representations of hexagonally packed cylinder (CYL), body-centered cubic sphere (S), bicontinuous
gyroid (G), and alternating lamellae (LAM) morphologies. Adapted from Matsen 2000.

When fA is decreased past the S morphology, the copolymer generally breaks down into a
disordered single phase wherein blocks are mixed homogenously throughout the material. However for
highly incompatible copolymers (e.g., χN=40), the morphology remains in spherical domains, but with
no long range order. This has been observed for fA as low as 0.10 (Mischenko et. al. 1994, Wang et. al.
2002). The wide variety of morphologies accessible emphasizes the ability to tune microphase structure
of block copolymers through careful selection of copolymer species and composition.

2.1.1 Network Formation
Diblock and triblock copolymers are both capable of phase separation, but the molecular structure
and mechanical properties are substantially different. Unlike their AB diblock counterparts, ABA triblock
copolymers are capable of connecting neighboring A-rich microdomains via bridged B midblocks to form
a physically cross-linked network (Shankar et. al. 2008, Chatawansri et. al. 2013). For each ABA
4

copolymer, the B midblock can take on a bridge, loop, or dangle conformation. The bridged midblocks
connect the A-rich microdomains and are therefore responsible for network formation. An example of
this can be seen in Figure 2.

A-rich domains

B midblocks

Figure 2: Schematic of a network formed from an ABA triblock copolymer with an S morphology. Possible midblock
conformations are noted.

The A-rich microdomains on either end of each chain serve as physical crosslinks to stabilize the
B-rich network by constraining each end of the midblocks in a manner similar to chemical crosslinking
in thermoset polymers. If the midblocks are rubbery and the A-rich microdomains remain intact under
stress, the network is expected to have similar mechanical properties to thermoset polymers, as well (i.e.,
vulcanized rubber) (Spontak & Patel 2000, Armstrong et. al. 2016). Such a triblock copolymer network
is also known as a thermoplastic elastomer (TPE) (Krishnan et. al. 2011).

2.1.2 Selective Swelling
Block copolymer morphology can be further controlled through incorporation of one or more
solvents, copolymers, or nanoparticles (Krishnan et. al. 2011). Addition of a B-selective solvent can
reduce the effective fA without changing the actual copolymer composition (Krishnan et. al. 2011,
Chatawansri et. al. 2013, Mineart et. al. 2016). Even at relatively high concentrations of B-selective
solvent, the A blocks aggregate to form spherical domains, which as stated previously, form a copolymer
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network. Swelling with a B-selective solvent has been shown to produce spherical domains with no long
range order at compositions as low as fA = 0.05 (Shankar et. al. 2008, Krishnan et. al. 2011).
The swollen copolymer networks are known as organogels, or thermoplastic elastomer gels
(TPEG). TPEGs are physical gels formed by short-range interactions, as opposed to chemical gels,
formed by covalent bonding (Masayuki 2016). These short-range interaction crosslinks are lower energy
than chemical crosslinks. As such, the network is sensitive to environmental changes such as
concentration or temperature (Masayuki 2016). Physical gels can, therefore, undergo a gel-solution
transition. An advantage of this is that, upon exposure to heat or a good solvent, can be recycled or
reprocessed, as opposed to chemically cross-linked alternatives in which the network is permanent
(Armstrong et. al. 2016).
The gel-sol transition in the context of gels with a B-selective solvent is directly related to the
ratio of bridged to looped midblocks. This ratio has been shown to decrease as the distance between A
domains increases due to the greater entropic penalty associated with bridging two domains (Chatawansri
et. al. 2013). This distance increases with decreasing copolymer concentration. Therefore, a critical
concentration describes the gel-sol transition.
To understand the transport properties within a gel network, an understanding of the morphology
of that network is critical as those properties will likely have a strong dependence on the molecular
structure.

2.2 Reverse Micelle Formation
The second assembly mechanism of interest for organogels that exploit multiple self-assembly is
the formation of reverse micelles. Reverse micelles are similar to traditional micelles. Both are aggregates
of amphiphilic surfactant molecules and are formed by intermolecular forces. However, reverse micelles
are inverted with the nonpolar tails facing outward and the polar head groups located in the core
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(Israelachvili 2011). This is because reverse micelles form in the presence of a nonpolar solvent as
opposed to an aqueous environment.
0
Micelle formation is driven by free energy of micellization (∆𝐺𝐺𝑚𝑚
), which is the free energy change

associated with the transfer of a single molecule from the unimer state to a micelle of aggregation number

m (Tanford 1974, Alexandridis et. al. 1997, Smith et. al. 2013). By treating the system as an equilibrium
0
between unimers and aggregated molecules with equilibrium constant Km, ∆𝐺𝐺𝑚𝑚
can be described as
0
∆𝐺𝐺𝑚𝑚
=

−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝑚𝑚

(1)

𝑋𝑋

(2)

𝑚𝑚

𝐾𝐾𝑚𝑚 = 𝑚𝑚𝑋𝑋𝑚𝑚𝑚𝑚
1

where X1 and Xm are the mole fraction of the surfactant in the unimer and aggregate form, respectively
(Tanford 1974). These equations can be combined to produce the fundamental equation for micelle
formation
ln 𝑋𝑋𝑚𝑚 = −

0
𝑚𝑚∆𝐺𝐺𝑚𝑚

𝑅𝑅𝑅𝑅

+ 𝑚𝑚𝑚𝑚𝑚𝑚 𝑋𝑋1 + ln 𝑚𝑚

(3)

0
∆𝐺𝐺𝑚𝑚
is related to multiple unique properties of micelles, including optimal micelle size and

0
critical micelle concentration (CMC) (Tanford 1974). In traditional micelles, ∆𝐺𝐺𝑚𝑚
can be broken down

into contributions from the hydrophobic interactions as well as polar head group repulsion.
Intermolecular interactions (e.g., solvophobicity) tend to be weaker in nonpolar solvents, resulting in a
lower free energy reward for formation of reverse micelles compared to traditional micelles (Smith et.
al. 2013).

2.2.1 Shape
0
The hydrophobic contribution of ∆𝐺𝐺𝑚𝑚
, again in the context of traditional micelles, is dependent

on the surface area of hydrophobic portion of the molecule and thus molecular geometry has a large effect
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on micelle formation (Tanford 1974, Israelachvili 2011). This geometric effect is accounted for in the
packing parameter O,
𝑂𝑂 = 𝑎𝑎

𝑣𝑣

0 𝑙𝑙𝑐𝑐

(4)

which is the ratio of the hydrophobic volume (v) to the optimal hydrophilic area (a0) and the critical chain
length (lc). This holds true for reverse micelles as well. However, the hydrophobic/hydrophilic
components must be switched (i.e., v = hydrophilic volume, a0 = optimal hydrophobic area (Israelachvili
2011).
Reverse micelle shape is greatly impacted by the geometry of the amphiphilic surfactant
molecule. Trends for the molecular geometry with O can be seen in Figure 3.

Figure 3: Schematic of amphiphilic surfactant molecule geometry trends with packing parameter O in water and
nonpolar solvents.

As the packing parameter increases, micelle morphology transitions from spherical micelles to
cylindrical micelles to bilayers (Israelachvili 2011). Spherical micelles are desired in the present work to
optimize the mobility of micelles with the gel network. This morphology tends to occur at low packing
parameters (𝑂𝑂 ≈ 1/3) and so careful selection of the surfactant is necessary. Possible surfactants with
suitable molecular geometry are bis(2-ethylhexyl) sulfosuccinate (AOT), poly(ethylene glycol) oleyl
ethers (Brij®), and poly(ethylene oxide-b-propylene oxide) copolymers (Pluronic®).
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2.2.2 Size
Micelle size is an additional parameter for controlling mobility of micelles within a gel network.
0
The micelle size is determined primarily by ∆𝐺𝐺𝑚𝑚
, as well as the critical chain length lc (Tanford 1974,

Smith et. al. 2013). Generally, micelle size has been shown to increase rapidly in the vicinity of the CMC
before plateauing, however this is not always the case in reverse micelles due to the large variation in the
strength of the interactions in nonpolar solvents. Some reverse micelle forming surfactants do not
experience a CMC and instead exhibit a steady increase in micelle size with concentration (Smith et. al.
2013). This is most common in surfactants with a packing parameter between 1/3 and 1.
Whether reverse micelles exist prior to, or form during, gel network formation will likely have
important impacts on the domain geometry of the reverse micelles as well as the geometry of the network
itself due to constrained self-assembly (Huck 2005, Yu et. al. 2007). The presence and extent of this
impact for reverse micelle formation along with copolymer self-assembly in a nonpolar environment is
currently unknown as no studies have been conducted.

2.3 Transport of Small Molecules in Gels
Due to the diluted structure of gels, transport of small molecules may be possible through open
space in the polymer network (Masayuki 2016). For many applications, including drug delivery,
understanding and control of the transport properties of the system are necessary (Rotstein & Lodge 1991,
Evans et al. 2013). The transport of reverse micelles through the selectively solvated ABA triblock
copolymer organogels will depend heavily on the structural geometry of the copolymer network as well
as the reverse micelles themselves. Primarily, diffusion will depend on the crosslinking density, which
can be related to the so-called gel mesh size (ξ); the fluid volume fraction and the hydrodynamic radii
of the reverse micelles (Amsden 1998, Evans et. al. 2013, Masayuki 2016). It is hypothesized that
diffusivity will decrease as crosslinking density, micelle size, and polymer concentration increase due to
9

the reduction in fluid space and the micelles ability to pass through gaps in the polymer network (Amsden
1998). Short length scale interactions between the micelle and network may also effect diffusion by
confining the micelles to specific regions, limiting mobility (Evans et. al. 2013, Masayuki 2016).
The nature of the copolymer chains can also impact transport. The mobility of the polymer chains
can differ between gels. For homogeneous gels, the chains are highly mobile, resulting in mesh openings
than are not constant in size or position. Conversely, heterogeneous gels have rigid chains than can be
considered nearly constant in size and location (Amsden 1998). These differences will affect the nature
of the diffusion through the gel network. Similarly, glassy polymers possess a lower free volume than
rubbery ones, limiting transport within glassy domains (Mineart et. al. 2017).
For spherical particles, such as reverse micelles, diffusion in a pure solvent can be described by
the Stokes-Einstein equation
𝑘𝑘 𝑇𝑇

𝐵𝐵
𝐷𝐷0 = 6𝜋𝜋𝜋𝜋𝑟𝑟

𝑠𝑠

(5)

where kB is the Boltzmann constant, T is temperature, η is the dynamic viscosity of the solvent, and rs is
the hydrodynamic radius of the solute (Happel & Brenner 1965). The denominator of the right hand term
represents the frictional drag experienced by the solute as it moves through the solvent. This is determined
by analyzing the creeping flow of a fluid around a spherical particle of radius rs and calculating the
resulting forces exerted on the particle (Bird et. al. 2014). Using reverse micelle size, the Stokes-Einstein
diffusion coefficient can be compared with the coefficient for reverse micelles in gels.
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3. Research Goals and Objectives
Self-assembly of ABA triblock copolymers along with reverse micelle formation is an area of
research that has yet to be explored. Successful fabrication and characterization will impact a number of
areas such as introducing new potential application of organogels for transdermal drug delivery. It will
also begin to fill the knowledge gap surrounding multiple self-assembly in nonpolar environments which
has the potential to influence additional complex fluid applications such as drilling fluids (Patel et. al.
1993). The primary goals of the proposed research are to:
(i) confirm successful fabrication of SEBS-MO organogels loaded with reverse micelles;
(ii) characterize the microstructure geometry of reverse micelle loaded SEBS-MO gels and
determine the extent to which these structures can be controlled;
(iii) characterize transport behavior of reverse micelles within SEBS-MO gels.
Completion of Goal (iii) is linked to Goals (i) and (ii) as the transport properties are strongly
linked to the gel structure. The first step in this work is the completion of Goal (i), successful fabrication
of reverse micelle loaded organogels. Once an effective fabrication procedure has been established, and
the presence of reverse micelles confirmed, characterization of the morphology will take place through
systematically altering the formulation parameters. The parameters expected to impact morphology are
micelle size, micelle concentration, copolymer molecular weight, copolymer concentration, and
copolymer composition.
Goal (iii) involves examining the mobility of reverse micelles within the gel network.
Quantification of the mobility of micelles will focus on elution out of the gel. This behavior will again
be influenced by the formulation parameters described above. As micelle mobility is increased it will
approach the transport behavior of a micelle in pure solvent. Conversely, as micelle mobility is decreased
there will be a point at which mobility is zero. Identifying these critical limits will contribute towards
completion of Goal (iii).
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4. Literature Review
This section will present results from previous studies analogous to the proposed work. These
include studies on the impacts of inorganic nanoparticles in block copolymer networks and loading of
liposomes in hydrogel networks. Also included is an overview of the techniques commonly used to
investigate the material properties of interest.

4.1 Structural Considerations
To date, there have not been any studies conducted on the incorporation of reverse micelles in
organogels. Therefore, the effects that the micelles will have on domain geometry is currently unknown.
However, work has been done on the effects of foreign particles on similar systems. Studies on the effects
of inorganic nanoparticles in block copolymer morphology are fairly analogous and can provide some
insight.
Several studies have probed the effects of inorganic nanoparticles on the material properties of
block copolymer networks (Thompson et. al. 2001, Lin 2005, Chiu et. al. 2005). In general, it has been
found that concentration dependent morphology changes can occur (Thompson et. al. 2001, Kim et. al.
2005). The effect is also a function of particle size and, most importantly, particle interactions with the
polymer network. The presence of metallic nanoparticles during block copolymer assembly has been
shown to lead to hierarchally ordered morphologies due to synergistic interactions between the particle
and copolymer (Lin 2005, Kim et. al. 2005). These interactions control the spatial distribution of the
particles (e.g., preferential accumulation at the surfaces of particular copolymer domains). As a result,
the orientation of the copolymer domains becomes highly order during assembly (Lin 2005, Kim et. al.
2005).
The most common techniques used to analyze morphologies in block copolymer networks are
small angle x-ray scattering (SAXS) and transition electron microscopy (TEM) (Krishnan et. al. 2011,
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Krishnan et. al. 2012, Smith et. al. 2013, Chatawansri et. al. 2013). They are both very powerful
techniques that can provide insight into the size and shape of various elements of the microstructure.
Additional analysis of the morphology may be done through investigation of the gel-sol transition
and indirect sensing of micelle formation. There are many established methods for determining the
presence of micelles, however most of these methods are ineffective in nonpolar solvents. Electrical
conductivity is not appropriate due to the limited number of nonpolar charge carriers; light scattering
signals tend to be weak due to low refractive index contrast; surface tensiometry is not viable due to
similar surface energies between surfactants and typical organic solvents; and water solubilization
requires the addition of a third component, which may induce micelle formation itself (Smith et. al. 2013).
As such, careful consideration will have be taken when determining which techniques to use.

4.2 Transport Considerations
There are established methods for determining the efficacy of assembled macromolecules for the
encapsulation and delivery of drugs. It has been well studied in hydrogels, specifically for the case of
liposome encapsulation (El Kechai et. al. 2015, Grijalvo et. al. 2016). The liposomes, which are loaded
with drug molecules, have been shown to have sufficient mobility to facilitate transport of the drug within
the gel with expected dependence on aggregate size, liposome concentration, and polymer network
characteristics. Strong interactions between the liposomes and polymer network were shown to spatially
confine them and limit mobility (Chiu et. al. 2005, Grijalvo et. al. 2016). Micelles are expected to behave
in much the same manner, as they are also soft aggregates, formed from amphiphilic molecules. Micelles
tend to be smaller, however, so this may lead to an increase in their mobility.
Many techniques are available for the characterization of the transport of small particles within
gels. Submerging gel disks into solution, monitoring the concentration changes over time, and fitting the
results to a Fickian diffusion model is a common method (Weber et. al. 2009). This method, referred to
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as the bulk elution experiment, has the advantages of being resource lean and simple to carry out. Various
microfluidic and optical techniques have been used as well (Culbertson et. al. 2002, Costin et. al. 2003,
Evans et. al. 2014). These have included measuring the refractive index gradient at the interface between
laminar flows (Costin et. al. 2002), monitoring flows for a t-junction microfluidic device with various
optical methods (Culbertson et. al. 2013), and optical analysis of color intensity for dye uptake into a gel
during microchannel flow through the gel (Evans et. al. 2014). These methods have been shown to be
effective at capturing various aspects of diffusion in gels including uptake and elution as well as
movement within the gel itself.
Another technique for measuring diffusion within a gel is pulsed gradient spin echo NMR (PGSENMR). PSGE-NMR combines radio frequency pulses used in routine NMR with magnetic field gradients
to encode spatial information about the movement of particles (Matsukawa & Ando 1996, Evans et. al.
2013). In PSGE-NMR, the magnetization is excited with a 90o radiofrequency pulse and dispersed with
a magnetic field gradient pulse. After some time, a 180o radiofrequency pulse inverts the dispersion
caused by the magnetic field gradient and a second magnetic field gradient is applied to refocus the signal.
Some molecules will have moved during this time due to diffusion and their nuclei will not refocus
(Antalek 2007). This difference in signal intensity reflects the movement of particles. In order for PGSENMR to be used, the probe molecule, in this case the surfactant, must have a chemical shift that is
distinguishable from the polymer network and solvent (Masayuki 2016). The strength of PSGE-NMR
lies in its ability to precisely characterize diffusion within the gel. There are certain challenges associated
with investigating organogels, however, that make PGSE-NMR difficult. Primarily, the lack of
availability of deuterated solvents and gel components. It is mentioned here, however, since it is a
powerful technique and through careful use of solvent suppression techniques or alternate approaches,
such as 23Na NMR, it could be applied.
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Different techniques provide insight into different aspects of transport within a gel. Microfluidic
and bulk submersion techniques are useful for exploring the uptake and elution ability, while PGSENMR is a powerful method to measure movement within the gel (Evans et. al. 2014). Some combination
of different methods will be necessary to fully understand the transport properties.
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5. Materials and Methods
This section provides an overview of the materials and techniques that will be used for the
fabrication and analysis of reverse micelle loaded organogels.

5.1 Material Selection
Careful selection of the materials to be used for preparation of the micelle-loaded organogels is
critical. An ABA triblock copolymer/solvent combination that will readily form a network with a suitable
microscale structure to facilitate micelle transport is necessary. Additionally, consideration of the
potential interactions between the reverse micelle forming compound and the copolymer network will be
important as they may greatly impact the material properties of interest. With this in mind, the compounds
that have been selected are: poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) as the network
forming copolymer, aliphatic mineral oil (MO) as the midblock selective solvent, and bis(2-ethylhexyl)
sulfosuccinate (AOT) as the reverse micelle forming compound (Figure 4).

Figure 4: Chemical structures of (a) poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS), (b) bis(2-ethylhexyl)
sulfosuccinate (AOT), and (c) aliphatic mineral oil (MO)
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The combination of SEBS/MO was chosen for formation of the selectively solvated copolymer
network for a number of reasons. The polystyrene endblocks of SEBS are glassy at room temperature
and will form sufficiently strong domains even when stressed, while the rubber ethylene-co-butylene
midblock will provide the network with compliance (Spontak et. al. 2000). SEBS is also readily available
in a variety of molecular weights and compositions and the mechanical and structural properties of
SEBS/MO organogels have been well characterized (Shankar et. al. 2007, Krishnan et. al. 2011, Krishnan
et. al. 2012). SEBS/MO is capable of forming a copolymer network for copolymer concentrations as low
as 1 wt% which should provide more than sufficient diffusion space for transport of reverse micelles.
The vapor pressure of MO is essentially zero so the gels will not dry out over time, and the boiling point
is high enough that processing methods such as melt pressing can be used.
Various grades of copolymer will be used throughout this work. Specifically, G1654, G1651,
G1645, and G1643 copolymer grades from Kraton®, and S2006 copolymer grade from Septon®. Each
are SEBS with the exception of S2006 which is poly[styrene-b-(ethylene-co-propylene)-b-styrene]
(SEPS). Copolymer Mw and block fractions vary for each polymer and are listed in Table 1 below. The
values listed were provided by the supplier and confirmed by GPC and NMR.

Table 1: Copolymer molecular weight (Mw), polydispersity (PDI), and styrene block fraction for G1654, G1651,
G1645, G1643, and S2006 copolymers.

Copolymer
Grade
G1654
G1651
G1645
G1643
S2006

Mw
(g/mol)
136,900
197,400
223,250
95,890
126,700

PDI
1.00
1.01
1.15
1.07
1.09

Styrene block
fraction
0.31
0.33
0.125
0.20
0.35

The number of surfactants that will readily form reverse micelles is very limited in comparison
to traditional micelles. AOT is a versatile surfactant that is widely used and available, and has been fairly
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well studied (Mukherjee & Moulik 1993). AOT has been to show to form reverse micelles in various
nonpolar hydrocarbons such as toluene, benzene, and cyclohexane (Murro & Meguru 1972, Smith et al.
2013). Based on this fact, it is believed that AOT would also form reverse micelles in MO, which was
confirmed during experimental testing. The molecular geometry of AOT is such that it will form spherical
micelles, which is desired for simplicity of analyzing mobility (Chatterjee et. al. 2006, Smith et. al. 2013).
It is also believed than no attractive interactions, which would confine the micelles and limit mobility,
will take place between AOT and the SEBS network.

5.2 Fabrication of Reverse Micelle Loaded Organogels
For the fabrication of reverse micelle loaded organogels, there are several possible routes
available. The primary methods for consideration are melt mixing and solution casting. Due the
physically cross-linked nature and the high boiling point of MO, melt mixing is certainly a possible route.
However, solution casting is preferred since a non-selective solvent will reset the structure and memory
of the copolymer (Hamley 2005).
Solvent casting involves first forming a solution of all organogel components in a solvent and
then allowing that solvent to evaporate. As the solvent evaporates, the relative concentration of each
component increases and eventually a gel network is formed. The selectivity of the casting solvent for
the surfactant molecules will likely also play an important role. Whether the solvent fully dissolves all
components and the micelles co-assemble with the copolymer network (non-selective) or whether the
solvent only dissolves the network forming components leaving the micelles pre-assembled (selective)
will likely impact the resulting morphology of each domain. The solvent that will be used in this instance
is toluene. Toluene is capable of dissolving all components of this system and has a vapor pressure that
will result in casting at a suitable rate. AOT exhibits an obtainable CMC in toluene and therefore whether
the reverse micelles are pre- or co-assembled can be controlled by the concentration in the casting
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solution (Smith et. al. 2013). After the toluene is sufficiently evaporated, the gels are placed in a vacuum
oven to drive off any remaining toluene and ensure that none remains in the gel as it would compromise
the mechanical integrity of the gel. This will also serve to thermally anneal gels and help to normalize
their structure. The gels may also be further processed by melt-pressing to achieve forms necessary for
any testing, such as dog bones for uniaxial tensile testing.

5.3 Methods of Analysis
Once an effective method for fabricating the reverse micelle loaded organogels has been
established the material properties of the resultant gels and the effects of changes to various formulation
parameters on those properties will be examined. The methods that will be used are described below.

5.3.1 Structural Properties
Analysis of the morphological behavior will be conducted primarily by three methods. The gel
copolymer network morphology will be examined through the inverted vial test to confirm the formation
of network and determine the gel-sol transition concentration. This test is simple and requires very few
resources. The test involves systematically varying the composition of gels prepared in small vials and
then inverting them to determine if the mixture will flow (Figure 5). This is a quick way to determine the
gel-sol transition for a given system and determine the impact of various surfactant levels on the network
forming capabilities of the system.

Figure 5: Example of an inverted vial test. Sample on the left exhibits network formation (no flow) whereas the two
samples on the right do not exhibit network formation and can be seen to flow.
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The formation of reverse micelles within the gel will be examined using UV-Vis absorption and
a hydrophilic dye 7,7,8,8-tetracyanoquinodimethane (TCNQ) as a probe. TCNQ is known to form an
anion-radical salt in charged reverse micelle cores, resulting in peaks at 750 nm and 850 nm that are not
present in AOT unimer solutions (Muto & Meguro 1972, Olesik & Miller 1989, Smith et. al. 2013). An
example of this can be seen in Figure 6b. Using this fact, the presence of reverse micelles in the final gels
as well as the casting solutions can be determined by the addition of TCNQ.

Micelles Present

No Micelles
Present

Figure 6: a) Chemical structure of 7,7,8,8-tetracyanoquinodimethane (TCNQ), b) possible UV-Vis absorption spectra of
TCNQ demonstrating the additional peaks that appear when reverse micelles are present.

Further characterization of the gel nanostructures will be done using SAXS. SAXS is a scattering
technique that uses variations in a system’s electron density, such as variations due to microphase
separation of block copolymers, to describe structures in reciprocal space (Li et al. 2016). In comparison
to techniques such as TEM, SAXS is useful in that it provides data that is averaged over macroscopic
volumes (Li et al. 2016). All SAXS measurements will be done on the 12ID-B SAXS beamline at the
Advanced Photon Source (APS) at Argonne National Lab. A schematic of this beamline can be seen
below in Figure 7.
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Figure 7: Schematic for the optical components of the 12ID-B SAXS beamline at the Advanced Photon Source. Ref. Li et
al. 2016

This setup includes two beam monitors, m1 and m2, which are used to correct for variation of
incoming flux (m1) and normalize transmittance of the sample (m2). Scattering signal is collected on the
2D area detector and a silver behenate standard is used to calibrate the sample-to-detector distance. The
position of each pixel on the 2D image obtained is converted to the scattering vector, q
𝑞𝑞 = 4𝜋𝜋

sin(𝜃𝜃)

(6)

𝜆𝜆

where 2θ is the scattering angle and λ is the wavelength of the x-ray.
Since this data resides in reciprocal space lower q values relate to larger structures. The
comprehensive 2D images are then azimuthally averaged to yield a 1D intensity curve. A typical SAXS
profile consists of two components a form factor, P(q), which provides information regarding mean size
and shape of structural properties, and a structure factor, S(q), which provides information about the
spatial position and ordering of the structures (Li et al. 2016). These functions are defined as follows:
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𝐼𝐼(𝑞𝑞) = 𝑃𝑃(𝑞𝑞)𝑆𝑆(𝑞𝑞)

(9)

where r is the structure position, Δρ(r) = ρ(r) - 𝜌𝜌̅ , and ρ(r) and 𝜌𝜌̅ are the scattering density at position r

and the mean scattering density of the solution respectively, Np is the number of particles, and I(q) is the
scattering intensity. The value ri – rj is the average center to center distance between two particles, also
known as twice the effective radius (2reff) or hard sphere radius (2rHS). When the distance between two
particles is great enough that the interference between scattering from different particles becomes
negligible; the second term in equation 8 goes to 0, S(q) = 1, and the relative positions can be considered
random.
For a spherical particle with radius R whose center of mass is at the origin, P(q) is defined by
𝜑𝜑

𝑃𝑃(𝑞𝑞) = 𝑉𝑉 �3∆𝜌𝜌𝑉𝑉𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠

(sin(𝑞𝑞𝑞𝑞)−𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑞𝑞𝑞𝑞)) 2
(𝑞𝑞𝑞𝑞)3

�

(10)

Here φ is the volume fraction, Δρ = ρp – ρs, with the subscripts p and s representing the particle
and solvent respectively, and Vsp = 4πR3/3 (Li et al. 2016). As both the polystyrene crosslink domains
and reverse micelles are expected to be spheres (Krishnan et al. 2012, Smith et al. 2013), this is the form
factor that will be used for both.
The scattering intensity, I(q), for SEBS-MO-AOT organogels is a sum of scattering from the
copolymer structures, reverse micelles, and background contributions. Assuming the reverse micelles are
dilute enough that their relative positions can be considered random and S(q) taken to be equal to 1, the
scattering intensity for SEBS-MO-AOT organogels can be described by

𝐼𝐼(𝑞𝑞) = 𝛼𝛼𝑃𝑃1 (𝑞𝑞)𝑆𝑆1 (𝑞𝑞) + 𝛽𝛽𝑃𝑃2 (𝑞𝑞) + 𝑏𝑏𝑏𝑏𝑏𝑏

(11)
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where α and β are scalars, P1(q) and S1(q) are the form and structure factors for the copolymer network
structures, P2(q) is the form factor for the reverse micelles, and bkg is the background intensity. By using
this model to fit SAXS profiles for these gels, quantitative values for properties such as polystyrene
crosslink domain radius (rPS), mesh size (ξ), polymer volume fraction, and reverse micelle radius (rRM)
can be obtained. A detailed example of this process can be found in Appendix A. All SAXS data are fit
using this method.

5.3.2 Transport Properties
Quantification of the mobility of micelles within the gels will focus on elution from the gels. This
behavior will be investigated by systematically altering formulation parameters and determining the
resulting diffusion coefficients for the reverse micelles. The ability of the micelles to elute from gels is
investigated by a bulk elution method. This method involves submerging a thin disk (1.5mm thick) of
gel in a solvent that will extract the micelles without dissolving the remaining gel components (e.g.,
water). The extent of elution over time will be measured by characterizing the AOT concentration in the
gels. This will be done using quantitative FTIR. AOT exhibits a peak at around 1735 cm-1, relating to the
carbonyl stretching mode of its ester group as can be seen below in Figure 8.

Figure 8: FTIR absorbance spectra for AOT (top) and SEBS-MO gels (bottom) with the presence of the AOT ester peak at
1735 cm-1 noted.
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This peak is unique from any of the other gel components and can be used to track AOT content.
The four smaller peaks to the right of this peak relate to polystyrene. Since polystyrene does not leave
the gels, and the polystyrene content remains constant, the spectra can be normalized using these peaks
to allow for quantitative comparison of the AOT ester peak. The area of this peak decreases over time as
AOT elutes as shown in Figure 9.

Figure 9: FTIR spectra, from 1650-2200 cm-1, for 20 wt% G1654-MO gels with 1 wt% initial AOT after being submerged
in water for 0h, 8h, 1 day, 2 day, 4 days.

From this peak area, AOT concentration can be obtained using calibration curves generated from
samples with known AOT content to obtain concentration vs time data. This data can be used to calculate
the diffusion coefficient (D) using Fick’s second law (eq. 12), where C is the concentration (Bird et. al.
2014). The samples are disks therefore cylindrical coordinates are used. Since the gel thickness is much
less than the diameter (1.5 mm vs 24 mm, respectively) it is assumed that diffusion only occurs in the z
direction and the equation is represented as
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝜕𝜕2 𝐶𝐶

= 𝐷𝐷 𝜕𝜕𝑧𝑧 2

(12)
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Using the following boundary and initial conditions
𝐶𝐶(0, 𝑧𝑧) = 𝐶𝐶0
𝐶𝐶(𝑡𝑡, 𝐿𝐿) = 0

eq. 12 can be solved to produce
𝑀𝑀

𝑀𝑀0

𝜕𝜕𝜕𝜕
= 0 𝑎𝑎𝑎𝑎 𝑧𝑧 = 0
𝜕𝜕𝜕𝜕
8
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𝑛𝑛=1 (2𝑛𝑛−1)2 𝜋𝜋 2 exp(

−𝐷𝐷𝜋𝜋 2 (2𝑛𝑛−1)2
4𝐿𝐿2

𝑡𝑡)

(13)

where M is the mass of surfactant remaining in the gel and M0 is the initial mass in the gel. Using eq. 13
and the concentration over time data in the solvent, a value for D can be estimated.
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6. Results and Discussion
6.1 Confirmation of Reverse Micelle Formation
The first step towards achieving the goals of the proposed research is demonstrating the ability of
the present system to form reverse micelles. This attribute will be determined by UV-Vis absorption (with
dye probe TCNQ) and SAXS.

6.1.1 UV-Vis Confirmation
Confirmation of micelle formation was carried out by UV-Vis absorption using TCNQ as a probe
molecule. Neutral TCNQ displays an absorption peak at around 400nm and as was previously stated
TCNQ forms a radical-anion salt in the hydrophilic cores of reverse micelles, resulting in additional
absorption peaks at 750 nm and 850 nm. As control spectra, TCNQ was first analyzed in AOT/toluene
solutions, in which AOT is known to form reverse micelles. Toluene is also the casting solvent used and
so these results are additionally used to determine the CMC of AOT in toluene. This information will be
useful in determining whether reverse micelles are pre-assembled or co-assemble with the copolymer
network. Solutions were prepared with 0.1 mM TCNQ in toluene for various AOT concentrations. The
results can be seen in Figure 10.
(a)

(b)

Figure 10: a) UV-Vis absorption spectra for 0.1mM TCNQ solution in toluene, with AOT concentrations varying from 0-32
mM, b) Plot of peak absorption at 750 nm and 850 nm vs AOT concentration (mM) with logarithmic fits for the portions
pertaining to micelle formation and no micelle formation. A CMC of 5.2 mM was determined for AOT in toluene.
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From Figure 10a, the appearance peaks at 750 nm and 850 nm indicates the formation of reverse
micelles. This transition occurs between 3mM and 7.5mM AOT. To extract a more exact concentration
for this transition, peak absorptions at 750 nm and 850 nm were plotted against AOT concentration
(Figure 10b). From this plot, two distinct regimes can be seen; a section of essentially no absorption (no
reverse micelles), followed by a rapid rise in absorption (micelle formation). This is characteristic of
typical CMC behavior. By fitting the initial portion of this rapid increase as well as the initial (unimer)
portion with logarithmic fits, an estimation of the CMC can be obtained by the intersection (Muro &
Meguro 1972). This can be seen in Figure 10b and the CMC of AOT in toluene was determined to be 5.2
mM. For gels prepared with 1 wt% AOT in a toluene solution with 5 wt% total dissolved solids, the
standard method used, this results in an initial AOT concentration of 1.03 mM in the casting solution.
This is below the CMC in toluene therefore AOT reverse micelles are not initially present and instead
co-assemble with the copolymer network as toluene is driven off.
This same UV-Vis method was also used to determine the CMC of AOT in MO. Again 0.1mM
TCNQ solutions were prepared in MO with varying AOT concentrations. The results can be seen below
in Figure 11. Again additional peaks appear at 750 nm and 850 nm indicating the formation of reverse
micelles. From Figure 11b, the CMC of AOT in oil is determined to be 0.37 mM, or 0.018 wt%. This is
well below the 1 wt% AOT at which the gels are prepared indicating that AOT reverse micelles should
indeed form. The fact that this CMC is considerably below the concentration that gels are prepared at
also suggests that the majority of AOT molecules will participate in the formation of reverse micelles
and that reverse micelles will remain formed to very low concentrations as AOT leaves the gels rather
than breaking down in a solution of unimers.
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(a)

(b)

Figure 11: a) UV-Vis absorption spectra for 0.1mM TCNQ solution in mineral oil, with AOT concentrations varying from
0-16 mM, b) Plot of peak absorption at 750 nm and 850 nm vs AOT concentration (mM) with logarithmic fits for the
portions pertaining to micelle formation and no micelle formation. A CMC of 0.37 mM was determined for AOT in MO.

Next, a similar experiment was conducted using 20 wt% G 1654 copolymer gels with 0.1mM
TCNQ. For this test, gels were prepared by solution casting in toluene with 0 wt% and 1 wt% AOT. The
weight percentages refer to the mass of the final gels. The results of this test can be seen in Figure 12.

Figure 12: UV-Vis absorption spectra for 0.1mM TCNQ in SEBS/MO/AOT gels with 20 wt% SEBS and 0 wt% or 1 wt%
AOT as indicated.
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Again the characteristic additional peaks appear at 750 nm and 850nm indicating the presence of
reverse micelles for the gels containing 1 wt% AOT and that the addition of copolymer and the assembly
of the copolymer network does not affect the ability of AOT to form reverse micelles. Unfortunately,
quantitative identification of CMC in gels proved difficult due to complications with measuring solid
samples with the equipment and protocol available resulting in inconsistent film thickness and nonnegligible UV-vis background signal.

6.1.2 SAXS Confirmation
To support UV-Vis results, additional testing was done using SAXS. Gels were prepared with 20
wt% copolymer and either 0 wt% or 1 wt% AOT. The results for gels prepared with G1654 copolymer
can be seen below in Figure 13. Data for gels prepared with the other copolymer grades used can be seen
in Appendix B.
(b)

(a)

1 wt% AOT

0 wt% AOT

Figure 13: a) SAXS data for 20 wt% copolymer G1654-MO gels with 0 wt% AOT and 1 wt% AOT. b) plot of 0 wt% data
subtracted from 1 wt% AOT data fitted line to determine the presence of spherical structures with radii of 0.92 nm.

From Figure 13a, it can be seen that the plots are the same up to values of q=0.1 Å-1. This is
expected since the features at lower q values relate to the copolymer structures. The difference above
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q=0.1 Å-1 suggests the presence of reverse micelles in the 1 wt% AOT gel. By subtracting these two plots,
Figure 13b is obtained. This plot is fitted, and the fit parameters indicate the presence of a spherical
structure around 0.92 nm in radius. This is near the expected size for AOT reverse micelles. By
comparison with SAXS data for a solution of AOT in MO above the CMC (Figure 14) this feature can
be confirmed as reverse micelles.

Figure 14: SAXS data for 1 wt% AOT in MO solution fitted (line) to determine the presence of a spherical feature around
0.92 nm in radius.

Qualitatively this plot is similar to the subtracted results in Figure 13b. By fitting this data again,
a spherical structure (reverse micelle) around 0.92 nm in radius was observed matching the results found
in the gels. These results support the TCNQ UV-Vis testing results to confirm the ability of AOT to form
reverse micelles in SEBS-MO-AOT gels.

6.1.3 Effect of AOT Concentration
Next, the effect of AOT concentration on these reverse micelles is investigated. To do this, gels
were prepared with constant copolymer concentration at 20 wt% and AOT concentration was varied from
0-2 wt%. These results can be seen below in Figure 15.
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(b)

AOT conc.
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Figure 15: a) SAXS data for the reverse micelle feature of 20 wt% G1654-MO gels with AOT conc. varying from 0-2 wt%
with corresponding data fits (solid lines). b) Plot of weighting factor vs AOT concentration for G1654-MO-AOT gels with a
constant copolymer conc. of 20 wt% and AOT conc. varied from 0-2 wt%. Weighting factors for crosslink domains are
shown in black and reverse micelles are labeled.

The copolymer structure features are not shown here for easier comparison of the reverse micelle
features. There is a noticeable trend of an increase of the prominence of this feature with increasing AOT
concentration. Fitting of this data shows that reverse micelle radius remains constant at 0.92 nm as AOT
concentration is increased. There is however an increase in the weighting factor for the reverse micelle
feature as can be seen in Figure 15b.
The weighting factor for the polystyrene crosslink domain can be seen to remain constant, which
is expected since copolymer concentration remains constant. However the reverse micelle weighting
factor increases linearly with AOT concentration. The weighting factor is a product of the volume fraction
(φ) and x-ray contrast squared (Δρ2). The contrast of the reverse micelles does not change meaning that
the reverse micelle volume fraction increases linearly with AOT concentration. This is evidence that all
of the AOT added to the gels form reverse micelles and there are few unimer AOT molecules.
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From these results, it was determined that AOT concentration has no effect on reverse micelle
size and instead has a linear correlation with the number of reverse micelles formed. Additionally, there
is evidence that all of the AOT added to the gels (above CMC) participates in reverse micelle formation.

6.2 Conformation of Gel Formation
6.2.1 Gel Point Test
The ability of a SEBS/MO/AOT system to form a copolymer network was investigated by testing
an array of samples with varying SEBS and AOT concentrations to determine the gel-sol transition
concentration as well as the impact of AOT on that concentration. This test was done using each of the
SEBS grades, whose properties were listed previously in Table 1. Samples were prepared by solution
casting in toluene with AOT concentrations of 0 wt% and 1 wt%. The absence of a copolymer network
is determined by whether the sample will flow when inverted for a period of 15 min. The results of this
test can be seen below in Figure 16.
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(a)

(b)

(c)

(d)

Figure 16: Inverted vial gel point tests for SEBS copolymers with 0 wt% and 1 wt% AOT. a) G1654 b) G1645 c) G1651,
and d) S2006. Solution/Gel fronts outlined for clarity.
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The gel points for G1654, G1651, G1645, and S2006 were determined to be 2wt%, 2 wt%, 4
wt%, and 1 wt%, respectively. More importantly, AOT does not appear to change the concentration of
this gel-sol transition. This test does not indicate any effects that AOT may have had on the domain
geometries of the resulting gels, however, it does demonstrate that AOT does not hinder SEBS ability to
form a copolymer network. Qualitatively, AOT appears to increase the viscosity of the resulting fluid
(when SEBS concentration is below the gel point).

6.2.2 SAXS Confirmation of Gel Structure
It has been demonstrated that SEBS-MO-AOT systems are capable of forming a copolymer
network to yield organogels and that reverse micelles assemble within these gels. Next, the copolymer
structures within these gels were examined using SAXS to determine whether the expected
microstructures, spherical polystyrene domains, are achieved. An example plot for a 20 wt% copolymer
G1654-MO gel with 1 wt% AOT can be seen in Figure 17 below. SAXS data for each of the remaining
copolymers and compositions tested can be found in Appendix B.
(a)

(b)

Figure 17: a) SAXS data for 20 wt% copolymer G1654-MO gel with 1 wt% AOT with fit (solid line) and relevant features,
hard sphere radius (rHS), copolymer volume fraction (φ), polystyrene domain radius (rPS), and reverse micelle radius (rRM),
noted. b) Schematic of simplified gel microstructures with corresponding features noted.
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This data qualitatively displays the expected features corresponding to the desired
microstructures, hard sphere radius (rHS), copolymer volume fraction (φ), polystyrene domain radius
(rPS), and reverse micelle radius (rRM). Additionally, it resembles the SAXS profiles for gels containing
these microstructures in literature (Krishnan et al. 2012) and fitting with a sphere-hard sphere model for
the expected structures results in a good fit. The feature at q = 1 Å-1 is due to amorphous features in the
copolymer chains and mineral oil. These features are not expected to impact reverse micelle mobility and
so they were not included in the model. This evidence supports that the gel architecture shown in Figure
17b is indeed achieved with spherical polystyrene domains. It does not confirm the bridging of these
polystyrene domains on its own however this can be inferred from the formation of a polymer network
demonstrated previously by the gel point tests.

6.3 Gel Structure Characterization
Using the sphere-hard sphere model described previously (eq. 11), quantitative information about
the size of the copolymer structures can be obtained. The primary parameters of interest being the size of
the polystyrene crosslink domains and the spacing between them, ξ. It should be noted that this SAXS
data does not directly confer ξ, but that value can easily be calculated by

𝜉𝜉 = 2 (𝑟𝑟𝐻𝐻𝐻𝐻 − 𝑟𝑟𝑃𝑃𝑃𝑃 )

(20)

One of the advantages of block copolymer materials is the ability to tune the resulting
microstructures through changes to the molecular parameters and composition of the gel forming
components. In particular, this work will look at the impacts of AOT concentration, copolymer
concentration, copolymer Mw, and copolymer block fraction.
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6.3.1 Effect of AOT Concentration
It was previously shown, through gel point tests, that AOT did not affect the size of reverse
micelles nor the network forming capabilities of SEBS-MO-AOT organogels. To look at the impacts of
AOT on the geometry of these networks, gels were prepared at constant copolymer concentration of 20
wt% G1654 with AOT concentration varied from 0-2 wt%. The resulting SAXS profiles can be seen in
Figure 18.

Figure 18: SAXS profiles of 20 wt% copolymer G1654-MO gels with 0-2 wt% AOT. Vertical lines included at rHS and rPS
features for ease of comparison.

From these profiles it can be qualitatively shown that AOT has no impact on the copolymer
features. The peak for rHS and minima for rPS remain at constant q values for all AOT concentrations. The
only noticeable differences for these profiles, besides the increased scale of the reverse micelle feature
with concentration, is the appearance of a small sharp peak around q=0.3 Å-1 for AOT concentrations of
1.5 wt% and 2 wt%. This is due to crystalline AOT scattering that appears as the solubility limit of AOT
in MO is approached/exceeded.
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By fitting this data, quantitative values can be determined to compare the size of these features

Domain Size (nm)

and confirm the qualitative results. This data can be seen below in Figure 19.

rPS

mesh size (nm)

Figure 19: Plot of mesh size (nm) and polystyrene domain radius (rPS) (nm) vs AOT wt% for 20 wt% copolymer G1654MO gels with 0-2 wt% AOT.

These plots again show that AOT appears to have little to no effect on mesh size or rPS. For
increasing AOT concentraction, mesh size remains fairly constant around 23.7 nm and polystyrene
domain radius at approximately 9.8 nm. The fact that AOT concentration does not impact these features
is a useful property for the ultimate goal of controlling reverse micelle mobility since they will be
independent of the load and will not change as reverse micelles leave the gels.

6.3.2 Effect of Copolymer Concentration
Copolymer concentration is an easily changed formulation parameter that is expected to impact
the gel microstructures. To examine this impact, gels were prepared with constant AOT conc. of 1 wt%
and copolymer concentration varied from 5-40 wt%. The SAXS profiles for G1654 can be seen in Figure
20. Varied copolymer concentration profiles for other grades tested can be found in Appendix C.
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Figure 20: SAXS profiles for G1654-MO-AOT gels with 1 wt% AOT and copolymer concentration varied from 5-40wt%.
Fits are shown in black.

There is a noticeable change observed in the copolymer structures. As copolymer concentration
increases an increase in the size of polystyrene domains and a decrease in the distance between these
domains is observed. Values determined from the models of these profiles show the extent of these
impacts and can be seen in Figure 21.

Figure 21: Plot of rPS (nm) and mesh size (nm) vs copolymer wt% for G1654-MO-AOT gels with 1 wt% AOT and 5-40
wt% copolymer.
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An increase in polystyrene domain radius from 8 nm to 11 nm and a decrease in mesh size from
37 nm to 20 nm is observed. These trends show that crosslink radius increases linearly and mesh size
decreases consistently before beginning to plateau around 20 nm. Conceptually, these trends are
explained by the number of polystyrene domains increasing, decreasing the distance between them (mesh
size), and the aggregation number of each domain increasing, resulting in an increase in domain size (rPS)
as more copolymer is added to the gels. The predictability of these trends make copolymer concentration
a convenient lever for predictably altering the organogel microstructures.

6.3.3 Effect of Copolymer Mw and Block Fraction
The copolymer molecular weight and block fraction are additional formulation parameters that
can provide further tuning of the microdomain geometries. In this work, five different grades of
copolymer were used with varying Mw and block fractions. The properties of these are summarized above
in Table 1. SAXS profiles for each of these copolymers prepared with 20 wt% copolymer and 1 wt%
AOT can be seen below in Figure 22.

S2006
G1654
G1651
G1645
G1643

Figure 22: SAXS profiles for 20 wt% copolymer gels with 1 wt% AOT for G1643 (red), G1645 (blue), G1651 (green),
G1654 (black), and S2006 (pink) copolymers, with fits in black.
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These profiles vary greatly demonstrating the impact that these molecular parameters can have
on the gel microstructures. It is difficult to determine any definite trends from this plot. However by
plotting the values determined by fitting these plots against styrene block Mw (Figure 23) a clear trend
can be seen.

(a)

(b)

(c)

Figure 23: Plot of polystyrene domain radius (nm) and mesh size (nm) vs a) styrene block Mw, b) midblock Mw, c) total
copolymer Mw for 20 wt% copolymer gels with 1 wt% AOT.

From these plots the impacts of midblock and total Mw are not clear, however a clear trend
appears for polystyrene block Mw. Both polystyrene domain radius and mesh size appear to increase
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approximately linearly with the Mw of the polystyrene block. Such a predictable trend with this molecular
parameter was not necessarily expected but it allows for further tuning of the gel microstructures. The
only exception to this appears to be the S2006 point at around 44,000 g/mol which has a direct increase
in these structures in comparison to G1654 with nearly the same polystyrene block Mw. This is likely due
to the fact that S2006 has an ethylene-co-propylene midblock in comparison to the ethylene-co-butylene
midblock of G1654 and the other copolymers. The impact of midblock identity was not something that
was included in the scope of this work, however, it provides another opportunity for increased control
over the gel microstructures and should be looked at in the future.

6.3.4 Level of Control Achievable
So far, it has been demonstrated that there are several levers available to alter the microstructures
of gels including copolymer composition and styrene block Mw. To look at the total structural space
achievable using these parameters, all features examined are summarized in Figure 24.
A wide structural window is achievable by the various copolymer concentrations and
compositions tested. The three structural factors that were examined are mesh size, polystyrene domain
radius, and copolymer volume fraction in the continuous phase (cont vol% (PEP/EB)). With reverse
micelle size remaining constant, these are the features of the copolymer network that are expected to have
the greatest impact on reverse micelle mobility. A useful aspect of these results is that trends due to
changing copolymer concentration and copolymer block fraction are generally perpendicular to each
other, allowing for a high level of control over the structures achieved. As was demonstrated previously,
the effects of copolymer composition were primarily dependent on polystyrene block Mw and so it is
possible that the addition of polystyrene homopolymer could allow for even finer tuning. These results
demonstrate that the gel microstructures can be finely and predictably tuned hypothetically allowing for
a high level of control over the transport properties of reverse micelles within the gels.
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(a)

(b)

(c)

Figure 24: Structural space achievable, including mesh size, polystyrene domain radius and polymer volume fraction in the
continuous phase, for all of the copolymers and compositions tested. a) Plot of mesh size (nm) vs polystyrene domain radius
(nm). b) plot of cont vol% (PEP/EB) vs polystyrene domain radius (nm). c) plot of cont vol% (PEP/EB) vs mesh size (nm).

6.4 Diffusion Results
It has been shown that the structural properties of SEBS-MO-AOT organogels can be finely
controlled. The ultimate goals for tuning those geometries, however, is to obtain control over the mobility
of the AOT reverse micelles within the gel. With the gel structures now characterized, the impacts on the
transport properties of the gels will now be examined. This will be done using a bulk elution method in
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which a gel disk, loaded with AOT, will be submerged in an extracting solvent and AOT concentration
in the gels will be measured over time using quantitative FTIR.

6.4.1 Solvent Selection
The first step of elution experimenting was determining the solvent in which the gels would be
submerged. The solvent needs to be able to extract the reverse micelles without dissolving the bulk gel.
Two solvents, mineral oil and water, were considered. To compare, plots of concentration over time can
be seen below in Figure 25.

Figure 25: Plot of M/M0 (AOT wt%/Initial AOT wt% (1 wt% AOT)) vs time for submersion of gels in water and mineral
oil. Points are averages of five tests with standard error bars displayed.

From this data, it appears that there is a significant difference in the behavior between the two
solvents. Diffusion appears slower in mineral oil and reaches nearly 0 wt% AOT whereas water is faster
and plateaus around 40 wt% AOT. From this data, mineral oil looks to extract more AOT. However,
there is a significant difference in solvent uptake by the gels to consider, as well. Sample mass was
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measured gravimetrically at each sampling point to determine solvent uptake. The results for water and
mineral oil can be seen in Figure 26.

Figure 26: Plot of sample mass/initial sample mass vs time for submersion of gels in water and mineral oil.

The solvent uptake for gels submerged in mineral oil is significantly higher than that for water.
Over the sampling period a 70 wt% (and still increasing) gain in mass for the mineral oil samples was
observed. For water, a much smaller uptake was shown, plateauing around 2.7 wt% at 48h. In addition,
the MO sample diameter increased from 25mm to 41mm and thickness from 1.5mm to 1.9mm, whereas
the water samples experienced negligible swelling. These differences in solvent uptake can account for
the large differences in reverse micelle elution, with the large MO uptake decreasing relative to AOT
concentration in the gel and artificially increasing the apparent reverse micelle diffusion. This large
solvent uptake greatly complicates analysis of the reverse micelle diffusion. It should also be noted that
the plateau in water uptake coincides with when the AOT concentration for water samples begins to
plateau.
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This does not, however, mean that the decrease in AOT concentration was due to water uptake,
rather than reverse micelle elution. The water uptake is very low and would only account for a 0.01 wt%
decrease in AOT concentration, which is far smaller than the 0.6 wt% decrease observed. With these
considerations in mind, water was chosen as the extracting solvent for all further elution testing.

6.4.2 Water Effects
An unexpected complication with diffusion testing arose due to an interaction between absorbed
water and AOT headgroups resulting in an increase in the absorbance of the ester peak. The carbonyl
stretching mode for dry AOT is asymmetric with a more intense band at 1735 cm-1 and a less intense
shoulder at 1723 cm-1. These two peaks relate to the trans and gauche conformations achievable about
the acyl C—C bond, with trans relating to the higher wavenumber and gauche the lower. Upon the
addition of water, there is an increase in the lower wavenumber band indicating the relative populations
of gauche and trans conformations are becoming more similar. This is likely due to a loss in energetic
favorability for one conformation over the other when the area per headgroup increases, which occurs
when the AOT reverse micelles become hydrated (Moran et al. 1995, Zhou et al. 2002). This increase in
peak area is counter to the expected decrease from solely AOT leaving the gel, complicating quantifying
diffusion. This effect can be observed in Figure 27 where there is an initial increase in peak area, the
opposite of what is expected.
To correct for this effect and decouple the increase in peak area due to water, the increase in peak
area was quantified. This was done by obtaining spectra for AOT-MO-H2O solutions with a constant
AOT concentration of 1 wt% and varied water content from 0-2wt%. From these, the relative increase in
peak area of the carbonyl mode was compared to the peak height of the O—H bending mode of water at
1635 cm-1. The results can be seen in Figure 28.
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(h)
Figure 27: Carbonyl peak area vs time for 20 wt% S2006-MO gel with initial AOT conc of 1 wt%. Uncorrected for water
effects.

Figure 28: Percent increase in AOT carbonyl peak area vs OH water peak height for AOT-MO-H2O solutions with 1 wt%
AOT and 0-2 wt% H2O. Linear fit shown.

A linear trend is observed. By using the water peak height to quantify the water content of each sample
over time, this trend can be used to correct for the increased AOT peak area due to water effects. The
corrected results for the gel tested in Figure 27 above can be seen below in Figure 29.
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Figure 29: Carbonyl peak area vs time for 20 wt% S2006-MO gel with initial AOT conc of 1 wt%. Corrected for water
effects.

The initial increase in peak area no longer occurs and the data appears more as expected. This
correction will be used for all elution data.

6.4.3 Bulk Elution Results
Bulk elution tests were carried out on gels of varying copolymer concentration and with varying
copolymer molecular parameters to explore changes due to the gel structural variation. Results for peak
area over time for the different gel compositions tested, corrected for water effects, can be seen below in
Figure 30.
Qualitatively, a difference between the diffusion profiles for the different gels can be seen,
however, to extract quantitative information the peak areas must be adjusted to AOT concentration. This
was done using a calibration curve generated from gel samples with known AOT content to obtain a
relationship between peak area and AOT content. Calibration curves were generated for all of the
different gel compositions tested and can be found in Appendix D. An example calibration for 20 wt%
G1654 can be seen below in Figure 31.
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Figure 30: Area of the AOT ester peak vs time for G1654-MO gels with 1 wt% initial AOT and copolymer concentration
from 5-40 wt%.

Figure 31: Peak area to AOT wt% calibration curve for 20 wt% G1654-MO gels loaded with AOT

Using these calibrations, the peak areas were converted to values of M/M0 where M is the mass
of AOT in the gel and M0 is the initial mass of AOT (1 wt%). These curves were then fitted by calculating
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eq. 13 to 10 terms and varying D to obtain diffusion coefficients which best fit the data, determined by
least squares. The results can be seen in Figure 32.

Figure 32: M/M0 vs time for G1654-MO gels with 1 wt% initial AOT and copolymer concentration from 5-30 wt%, where
M is AOT mass and M0 is initial AOT mass in the gels.

The trends observed are generally what is expected. Diffusion appears to be faster for gels with
lower copolymer concentration. As noted previously, the size of the polystyrene domains decreases and
space between them increases as copolymer concentration is lowered allowing more space for diffusion
of the reverse micelles.
An aspect of these curves that was not expected, is that there appears to be two separate regimes
of diffusion. From eq. 13, it can be seen that for a semilog plot of M/M0 vs time a linear curve with slope
proportional to D should be obtained. These results show two separate linear regions. An initial faster
regime up to around 48 hours followed by a much slower regime. This can be seen in Figure 33 where
the curves begin to plateau at different values rather than decreasing to zero. It is currently unknown why
this occurs however there a few possibilities. The initial, faster regime appears to coincide with the period
of water uptake, and so it is possible that this water uptake results in AOT leaving the gels more quickly.
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Another possibility is that AOT is being trapped in the gels. The curves all plateau at different AOT
concentrations which correlate with the copolymer concentration, with the 30 wt% gel remaining with
the highest AOT content and the 5 wt% gel with the lowest. This trend makes sense if the AOT is being
trapped by the copolymer domains. Further work will need to be done to better understand this
phenomena and properly compare the diffusion behavior of these gels.
For now, the curves were fitted separately for the two different regimes. Both were fit using eq.
13 but with different values for D. The second slower regime showed little variation in diffusion
coefficient for the different compositions tested, remaining nearly constant around 5 x 10-17 m2/s. The
initial fast regime, however, showed much greater variation. The trends with the major structural
properties of interest are summarized in Figure 33.
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(b)

(a)

(c)

Figure 33: Plots of diffusion coefficients (D) of AOT reverse micelles achievable for SEBS-MO gels with varying
structural parameters. a) D (m2/s), vs rPS (nm), b) D (m2/s) vs cont vol % (PEP/EB), and c) D (m2/s) vs mesh size (nm).

From these trends, it appears that the polystyrene domain size and polymer volume fraction in the
continuous phase have the largest impact on reverse micelle mobility. Both show an exponential decrease
in diffusion coefficient as they increase. The trend for these parameters is strong, which should allow for
a high level of tuning to the diffusion behavior by changing those parameters. The total diffusion
coefficients achievable range from the order of 1 x 10-13 m2/s to 1 x 10-15 m2/s. The Stokes-Einstein
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diffusion coefficient for a spherical particle the size of these reverse micelles flowing through MO is 8 x
10-12 m2/s. The values obtained for the gels are one to three orders of magnitude slower. The lower
diffusion coefficients are a result of the obstructed flow of a reverse micelle through the polymer network.
These results indicate that a certain level of control can be achieved over the mobility of reverse
micelles through changes to the structural properties of SEBS-MO organogels. There are certain concerns
that should be addressed in future work. Firstly, more testing should be done to confirm to accuracy of
the correction for the interaction of water with the AOT ester peak. Additionally, further work will need
to be done to explore the nature of the two separate diffusion regimes. It would also be beneficial to
confirm the results obtained through this bulk elution and FTIR method using an alternative method,
which would aid in the completion of the first two tasks. At the completion of this current work, however,
a thorough characterization of the gel microstructures achievable and an initial assessment of their impact
on reverse micelle mobility has been accomplished.
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7. Conclusion
The ability to conveniently tune the material properties of physically crosslinked organogels that
exploit multiple levels of self-assembly by changing their molecular parameters makes them versatile
and attractive materials for a number of applications. One such example of this is selectively swollen
ABA triblock copolymer networks containing reverse micelles. The copolymer network provides support
and solid-like behavior, while the unbound reverse micelles are capable of acting as payload aggregates
for the transport of molecules within the gel. Such systems would have potential applications in areas
such as drug delivery, an area organogels have traditionally been excluded from.
This work explored the structural and transport properties of selectively swollen SEBS-MO
organogels loaded with reverse micelles. It was demonstrated that such gels could successfully be
fabricated by solvent casting. The formation of reverse micelles within the gels was successfully
confirmed by SAXS and UV-Vis methods and the presence of reverse micelles was determined to have
no impact on the copolymer gel structures formed. Using SAXS, the gel microstructures were
characterized for varying gel compositions. The primary compositional factors explored were copolymer
concentration and copolymer block fraction. By altering these parameters a wide window of gel
microstructures could be achieved. Trends for different structural factors with varying copolymer
concentration and copolymer grade were perpendicular demonstrating a high level of control. In
particular, values of polystyrene domain radius, mesh size, and polymer volume fraction in the
continuous phase could be varied from 4.6 to 16.2nm, 12.4 to 49.4nm, and 0.04 to 0.46 respectively.
The mobility of reverse micelles within the gels was explored by submerging samples in water
and measuring AOT concentration over time using FTIR. It was shown that reverse micelle mobility
could be altered by changes to the gel structures. Generally, trends matched what was expected with
faster diffusion occurring for gels with smaller polystyrene domains and larger mesh size. Diffusion
coefficients ranging from 1 x 10-13 m2/s to 1 x 10-15 m2/s were observed. Diffusion from the gels appeared
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to occur in two separate regimes, one faster and one much slower. From these results the nature of this
property is not understood; it is possibly a result of water uptake during the elution or AOT being trapped
in the copolymer domains. Further work will need to be done to explore this. Additionally, there were
certain challenges associated with measuring diffusion using this method, relating to water uptake, and
future work should be done to confirm these results.
ABA block copolymer organogels loaded with reverse micelles are promising materials for drug
delivery applications. It has been shown that the microstructures can be carefully tuned through changes
to the gel forming parameters and that these changes can be used to gain a level of control over the
transport properties of the reverse micelles within the gels. The results from this project serve to provide
insight into potential applications of organogels for drug delivery as well as to fill the knowledge gap
surrounding such dual self-assembly in non-polar environments.
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Appendix A: SAXS Fitting
The scattering intensity I(q) for SEBS-MO-AOT organogels can be described by
𝐼𝐼(𝑞𝑞) = 𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃 (𝑞𝑞)𝑆𝑆𝑃𝑃𝑃𝑃 (𝑞𝑞) + 𝛽𝛽𝑃𝑃𝑅𝑅𝑅𝑅 (𝑞𝑞) + 𝑏𝑏𝑏𝑏𝑏𝑏

Where PPS(q) and SPS(q) are the structure factors for the polystyrene domains (PS) and PRM(q) is the
structure factor for the reverse micelles (RM). There is no structure factor for the reverse micelles
because it is assumed that the relative distance between particles is great enough that SRM(q) can be
taken to equal 1.
Both the PS and RM are spherical and so the form factor for each can be described by
2

(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑞𝑞𝑞𝑞))
𝜑𝜑
�3∆𝜌𝜌𝑉𝑉𝑠𝑠𝑠𝑠
�
𝑃𝑃(𝑞𝑞) =
(𝑞𝑞𝑞𝑞)3
𝑉𝑉𝑠𝑠𝑠𝑠

where φ is the volume fraction, R is the radius of the particle, Δρ is the difference in scattering density
between the particle and solvent, and Vsp = 4πR3/3. This equation can be simplified to produce
(sin(𝑞𝑞𝑞𝑞) − 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑞𝑞𝑞𝑞))2
𝑃𝑃(𝑞𝑞) = 12𝜋𝜋(𝜑𝜑∆𝜌𝜌2 ) �
�
𝑞𝑞 6 𝑅𝑅 3

The term 4𝜋𝜋𝜑𝜑∆𝜌𝜌2 can be defined as the weighting factor, w, to obtain P(q) as a function of w, R, and q

Now I(q) can be defined as
𝐼𝐼(𝑞𝑞) = 𝑤𝑤𝑃𝑃𝑃𝑃 �
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(sin(𝑞𝑞𝑟𝑟𝑃𝑃𝑃𝑃 ) − 𝑞𝑞𝑟𝑟𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑟𝑟𝑃𝑃𝑃𝑃 ))2
(sin(𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 ) − 𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 ))2
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𝑆𝑆
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S(q) is defined as

𝑁𝑁𝑝𝑝 𝑁𝑁𝑝𝑝

1
𝑆𝑆(𝑞𝑞) = 1 +
�� � 𝑒𝑒 −𝑖𝑖𝑖𝑖(2𝑟𝑟𝐻𝐻𝐻𝐻 ) �
𝑁𝑁𝑝𝑝
𝑖𝑖=1 𝑗𝑗≠1

Where Np is the number of particles and rHS is the center to center distance between two particles,
known as the hard sphere radius.
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I(q) can now be defined as function of q, w, and the structural parameters of interest rPS, rHS, and rRM.
𝑁𝑁𝑝𝑝 𝑁𝑁𝑝𝑝

(sin(𝑞𝑞𝑟𝑟𝑃𝑃𝑃𝑃 ) − 𝑞𝑞𝑟𝑟𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑟𝑟𝑃𝑃𝑃𝑃 ))2
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(sin(𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 ) − 𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑟𝑟𝑅𝑅𝑅𝑅 ))2
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Using the software SASView this equation can be used to fit scattering intensity vs q data by reducing
χ2 to determine the values of wPS, wRM, rPS, rHS, and rRM that best fit the data. A Percus-Yevik closure is
used to solve for the S(q) term.
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Appendix B: SAXS Profiles-AOT Impact
This appendix contains SAXS profiles for each of the gel compositions tested; 5-30 wt% G1654, 20
wt% G1651, 20 wt% G1645, 20 wt%, G1643, 20 wt% S2006; with 0 wt% and 1 wt% AOT.
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Appendix C: SAXS Profiles - Copolymer Concentration
This appendix contains SAXS profiles for the copolymer grades G1651, G1645, G1643, and S2006 for
copolymer concentration varied from 5-30 wt%.

G1651

G1643

G1645

S2006
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Appendix D: FTIR Calibration Curves
This appendix contains FTIR calibration curves for determining AOT concentration from the AOT
ester peak at 1735 cm-1 for 5-30wt% G1654, 20 wt% G1651, 20 wt% S2006.
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