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Executive Summary
The aim of this study was to produce antibacterial ultrafiltration (UF) and microfiltration (MF)
membranes for water and wastewater treatment without the need for costly, post-synthesis
functionalization or hazardous solvents. In order to accomplish this aim, mesophases were made
using Pluronic block copolymers with different block ratios in the presence of anti-bacterial
monomers with trimethylammonium chloride functional groups. Through the polymerization of
monomers and subsequent removal of the block copolymers, mesoporous polymers were
produced that can serve as UF or MF membranes, depending on the pore size, which can be
manipulated through the block ratio of the block copolymer. We confirmed that the ratio of
poly(ethylene oxide) (PPO) to poly(propylene oxide) (PPO) blocks (PEO/PPO) in Pluronic block
copolymers can affect the pore size of final membranes.
Antibacterial MF or UF membranes can be used in the pretreatment stage to not only remove
suspended particles and macromolecules, but also to disinfect the water. Self-assembly of
Pluronic block copolymers with different block ratios in the presence of [2-(acryloyloxy) ethyl]
trimethylammonium chloride (AEAC) or (3-acrylamidopropyl) trimethylammonium chloride
(APAC) and N,N′-methylenebis(acrylamide) (MBA) yield different mesostructures with
different channel sizes, which can then be cast as thin films on a support and polymerized to
produce antibacterial membranes. Final membranes have been studied in terms of antibacterial
performance, permeability, and biofouling.
Since mesophases are viscoelastic materials, understanding their flow behavior at different flow
fields is essential for optimizing their processability. Therefore, a comprehensive rheological
study has been done on mesophases of block copolymers with different length scales.
In the process of membrane fabrication, polymerization reaction occurs in nanoconfined spaces
of lamellar and hexagonal mesophases. Chemorheology and dynamic scanning calorimetry were
used to study the kinetics of polymerization in nanoconfined structures of lamellar and reverse
hexagonal mesophases.

xiv

Chapter 1: Introduction
1.1 A background on water crises and remedies
1.1.1 Introduction
Water resources become scarcer as the world population continues to grow. Water scarcity today
affects one-third of the world’s population, and according to the World Health Organization and
UNICEF Joint Monitoring Program, “every two minutes a child dies from a water-related
disease, and 160 million children suffer from stunting and chronic malnutrition linked to water
and sanitation” [1]. Increases in water usage will also raise the amount of wastewater that should
be treated sufficiently to meet environmental regulations.
Thermal distillation is one of the main methods employed for water desalination [2]. In this
process, water (usually seawater) is vaporized using heat, and water vapor is condensed to
provide purified water. Although thermal desalination produces purified water at a high rate, it is
highly energy intensive due to the heating requirement to vaporize water [2, 3].
Membrane technology is an effective, efficient, and green method to produce safe drinking
water. Such technologies are also essential for wastewater treatment, so as to eliminate the
contamination of our limited water resources. Membranes are a cost-effective method; they are
80% less expensive than distillation [4] as shown by industrial separations, where separation
accounts for more than 45% of the process energy consumed by the chemical and oil industries
[5].
Water treatment processes employ several types of membranes, including microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) [6]. All of these processes are
pressure-driven and their main difference is the pore size, as depicted in Figure 1-1.
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UF

MF
Pore size: 10-0.1µm

NF

RO

0.1-0.01µm 0.01-0.001µm <0.001µm

Permeate

Feed

Pressure: 0.2-5bar

5-10bar

1-10bar

Suspended solids

Proteins

Bacteria

Macromolecules

Viruses

Monovalent ions

Emulsion

Divalent ions

10-150bar

Water molecules

Figure 1-1. Different types of membranes used for water treatment. Specific pore size and the pressure
range needed for each membrane type are shown.

The membrane market value exceeds $32 billion [7] and continuously advances in terms of
membrane fabrication and processing technology. The market share for ultrafiltration and
nanofiltration is almost 50% of the total membrane market [8], where they are mostly used in
water and wastewater treatment to remove proteins, macromolecules, viruses, and monovalent
ions from the feed water. Additionally, UF and NF membranes have applications in food and
diary industries, hemodialysis, textile industries, pharmaceutical industries, and membrane
bioreactors. Conventional UF/NF membranes are produced through the non-solvent induced
phase separation (NIPS) method [9, 10].
1.1.2 Non-solvent induced phase separation (NIPS)
The NIPS method includes three main components (polymer, solvent, and non-solvent), and it
involves casting the polymer solution on a surface and then, immersing the cast polymer film in
a non-solvent (usually water) to induce precipitation and coagulation. This results in a solid
polymer film with a porous structure determined by the polymer concentration, film thickness,
and the interaction of the polymer and solvent(s) of interest. While this approach is simple and
2

scalable, membranes produced by NIPS have low-surface porosity, low-pore interconnectivity
(Figure 1-2), and an anisotropic pore structure [11–13]. This results in lower fluxes, poorer
separations, and increased fouling relative to a membrane with an ideal, highly interconnected
pore structure.
external fouling
cake layer formation

internal fouling

pore blocking

Figure 1-2. Schematic illustration of NIPS membranes drawback, including low surface porosity, external
and internal fouling.

Fouling occurs when suspended solids and particles accumulate on the external membrane
surface and generate a cake layer, and/or on/within the pores of the membrane, see Figure 1-2.
Fouling results in a higher cleaning frequency, lower flux over time, higher energy usage, and
shorter lifespan of the membrane. It has been shown that membranes with highly interconnected
asymmetric pores allow fluid flow around and under pore blockage on the membrane surface,
and reduces the flux decline significantly [14]. Additionally, hydrophilic pores result in less
fouling as they provide a repulsion force for biofoulants, such as proteins [11].
1.1.3 Alternative methods for making membranes
One of the main challenges in using the NIPS method is the high toxicity of the solvent used
during membrane fabrication. For example, N,N-dimethylformamide (DMF) and N-methyl-2pyrrolidone (NMP) are the common solvents used in large quantities, approximately 70% by
volume, in the NIPS process [15], and have encountered increasing regulations due to their
potential health issues [16]. As a result of environmental concerns, considerable research efforts
have been devoted to replacing toxic hazardous solvents with environmentally friendly
alternatives [17, 18]. Additionally, the drawbacks of NIPS membranes motivate researchers to
look for post-treatment modification or alternative methods to improve the properties of the
membranes.
1.1.3.1 Surface functionalization of membranes

Surface characteristics such as hydrophilicity, roughness, and charge have been reported to
influence fouling in membranes. Increased membrane hydrophilicity is reported to help increase
membrane fouling resistance [19, 20]. Additionally, smooth membranes are less susceptible to
3

fouling than rough membranes [21]. For charged foulants, functionalization of the membrane
surface with a charge opposite to that of the foulant enhances electrostatic repulsion and fouling
resistance [22, 23].
Different methods are usually used to modify the surface properties of the membranes including
adsorption [24], coating [25], surface chemical reactions [26, 27], surface grafting [28], and
incorporation of nanoparticles [29]. Each surface modification method has its own advantages
and disadvantages. For example, although adsorption and coatings can be easily employed, the
surface layer may be removed after long usage of the membrane. Surface chemical reactions and
surface grafting are sometimes carried out under very hazardous conditions. Grafted surfaces are
stable, but the chemicals used for grafting are sometimes environmentally unfriendly.
Additionally, grafting by gamma ray and UV irradiation, or in the plasma chamber, is not easy to
apply on a large industrial scale [22]. Nanoparticle synthesis requires complex and controlled
reactions, which are usually hard to scale up.
1.1.3.2 Self‐assembly and non-solvent induced phase separation (SNIPS) procedure

In the SNIPS method, a combination of self-assembly and NIPS is employed to make
membranes with a relatively narrow pore size distribution [30, 31]. First, functional polymers or
block copolymers are dissolved in an organic solvent. Then the solution is held at a constant
condition (temperature, pressure) so the polymers self-assemble and make ordered structures.
Finally, the solution is cast on a support and immersed in a non-solvent bath for pore phase
separation and pore formation. Membranes made through SNIPS have shown a better selectivity
compared to NIPS membranes.
Bengani and others [30] employed self-assembly of a random block copolymer with zwitterionic
functional groups to make UF/NF membranes with a narrow size distribution and high
selectivity. They first synthesized a random block copolymer using sulfobetaine methacrylate
and 2,2,2-trifluoroethyl methacrylate monomers. Next, the block copolymer was dissolved in
trifluoroethanol (TFE), where self-assembly of zwitterionic copolymers occurred leading to the
formation of effective “nanochannels” permeable to water and solutes [30]. Although the SNIPS
method seems promising in tackling some of the NIPS process drawbacks, it is not eco-friendly
and the organic solvent used (TFE) is more hazardous than DMF and NMP.
1.1.3.3 Polymerizable lyotropic liquid crystals as UF/NF membranes

Recently, polymerizable/crosslinkable lyotropic liquid crystal (LLC) mesogens have been used
to make UF/NF membranes using a self-assembly technique [32–35]. In this method, a
polymerizable LLC mesogen is synthesized first. Then, self-assembly of the LLC mesogen in a
selective solvent is used to form the desired structure. Processing the self-assembled materials
into a flat sheet with subsequent polymerization then results in membranes with a narrow pore
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size distribution (~1nm) [32, 33, 36]. This method provides a robust membrane with high
selectivity. However, it is difficult and expensive to manufacture at large scale due to the
complex chemistry involved in making polymerizable LLC mesogens. Additionally, membrane
functionality cannot be tuned using this method and post-modification techniques are required.
In this work, the self-assembled mesostructures of a commercially available Pluronic block
copolymer (Pluronic L64) in water and an oil phase consisting of monomers are employed as
templates for the preparation of UF membranes without the need for organic solvents. Hexagonal
and lamellar mesophases are prepared by changing the concentration of Pluronic L64 and the
water/monomer ratio. Polymerization of the monomer phase via a thermal/photo-initiation
system followed by extraction of the aqueous phase generally retains the template structure,
generating pores in the resultant membrane.

1.2 Block copolymers self-assembly
1.2.1

Introduction

A polymer molecule has many hundreds of monomers and its molecular weight can reach
beyond ten thousand grams per mole, g/mol [37]. Polymers are used to solve some of the major
environmental issues such as water scarcity. Most of the filtration membranes used for water and
wastewater treatment are made of synthetic polymers such as polysulfone, poly(ether sulfone),
and poly(vinylidene fluoride). Homopolymers are polymers that consist of only one type of
monomer. If more than one type monomer is in the structure of a polymer, it is called a
copolymer.
Block copolymers contain at least two distinct monomers, A and B, and have various
architectures, such as linear diblock (AB), triblock (ABA), multiblock (AB)n, and star diblocks
(AB)nX. Phase behavior of block copolymers is determined by three parameters: (1) the overall
degree of polymerization N that is proportional to molecular weight, (2) the magnitude of the
Flory-Huggins interaction parameter 𝜒𝜒, which is inversely proportional to temperature, and (3)
the composition of the copolymer 𝑓𝑓, which is expressed in terms of volume fraction of each
block [38, 39]. Amphiphilic block copolymers self-assemble in bulk and/or in solution and form
various structures with different properties. Self-assembly is a thermodynamically driven
phenomenon, where each block of copolymer minimizes energetically unfavorable interactions
with its poor solvent. Figure 1-3 schematically shows the self-assembly of block copolymers and
the phase diagram of a diblock copolymer. As mentioned above, N, 𝜒𝜒, and 𝑓𝑓 are the three
parameters that determine the type of structure in a block copolymer.
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Figure 1-3. Typical phase diagram of a diblock copolymer. f: Volume fraction of one block (i.e., A). χ:
Flory-Huggins interaction parameter. N: degree of polymerization. L: lamellae, H: hexagonally packed
cylinders, Q230: double-gyroid phase, Q229: body-centered spheres, CPS: closed-packed spheres. DIS:
disordered, retrieved from [40]. Top row schematically illustrates different morphologies that may exist in
a phase diagram of a block copolymer.

1.2.2 Limitations of block copolymers self-assembly
Although solvent-free block copolymers provide some extent of flexibility in design of different
morphologies and properties, they introduce some limitations in design. For example, based on
Figure 1-3, if we want to have different morphologies, we need to either change the temperature
(or 𝜒𝜒) or change the block ratios. For changing the block ratios (increasing or decreasing 𝑓𝑓), we
have to synthesize a new block copolymer; that is not a trivial task and involves using complex
chemistries. Two remedies can be used to overcome this problem: (1) self-assembly of block
copolymers in a single solvent, and (2) self-assembly of block copolymers in two selective
solvents.
1.2.3 Block copolymers self-assembly in solvents
Figure 1-4 shows the phase diagram of the poly(oxyethylene (10) oleyl ether) (Brij97) block
copolymer in water. Different types of morphologies are obtained depending on the
concentration of the block copolymer in water and/or the temperature. Although this approach
gives us more flexibility in design, we still need to use different concentrations or temperatures
to achieve different morphologies.
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Figure 1-4. Phase diagram for Brij 97–water systems. L1, L2, H1, V1, Lα and Lc denote micellar phase,
inverse micellar phase, hexagonal phase, cubic phase, lamellar phase and surfactant lamellar crystals,
respectively, retrieved from [41].

Adding two solvents offers even more flexibility to have a wide range of structures and domain
sizes with the same block copolymer and at a constant temperature [42, 43]. Self-assembly of
block copolymers in the presence of solvents forms ordered mesophase structures, also known as
LLCs [42]. In ternary systems, where there are two selective solvents, a rich phase diagram can
be obtained at a constant temperature, as shown in Figure 1-5 [42, 44, 45]. Mesophases are used
in templating methods for making mesoporous materials [46–51] with different applications in
the separation and adsorption processes [36, 42, 52–55], and also in the biomedical and
pharmaceutical industries [56–59].
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Pluronic P84

water

p-xylene

Figure 1-5. Phase diagram of Pluronic P84 block copolymer in the presence of water and p-xylene as
selective solvents, retrieved from [43]. Nine different morphologies including normal micellar (L1),
normal micellar cubic (I1), normal hexagonal (H1), normal bicontinuous gyroid (V1), lamellar (Lα),
reverse micellar (L2), reverse micellar cubic (I2), reverse hexagonal (H2), and reverse bicontinuous gyroid
(V2) are present. The concentrations are expressed in wt%. Schematics of the different modes of selforganization of the amphiphilic block copolymers in the presence of solvents (“water” and “oil”) are
shown adjacent to the respective phases in the phase diagram.

1.2.4 Pluronic block copolymers
Pluronic block copolymers are triblock copolymers of poly(ethylene oxide) or PEO, and
poly(propylene oxide) or PPO, and are often denoted as PEO-PPO-PEO or (EO)X-(PO)Y-(EO)X.
The PEO block is hydrophilic and the PPO block is hydrophobic; therefore Pluronics are
amphiphilic and act as nonionic polymeric surface active agents [60]. More details on Pluronic
block copolymers are given in Appendix A.
Progression of the structure in the block copolymer/water/oil phase diagram can be discussed at
two levels: (1) varying water/oil ratio at constant total copolymer content, and (2) changing total
copolymer content at constant copolymer/oil [copolymer/water] ratio [42]. The type of structure
obtained does not only depend on the ternary copolymer-water-oil composition, but also depends
on the PEO/PPO ratio and the molecular weight of block copolymer. The ability of the blocks to
swell to different extents (based on the amount of solvent available) modulates the interfacial
“curvature,” and thus, the resulting structure. An increase in the copolymer molecular weight for
a given block composition increases the block segregation (for the same solvent conditions) and
results in an increase of the temperature and composition stability range of the different
structures. Higher polymer molecular weight may also lead to the formation of additional
structures because of the increase in the range of inter-assembly interactions [45].
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1.3 Rheological properties of mesophases
General concepts in rheology are summarized in Appendix B.
1.3.1 Mesophases flow behavior
Rheological properties of self-assembled block copolymer melts and [39, 61, 70, 62–69] block
copolymers in a single solvent have been widely studied [62, 71–77]. Solutions containing
unimers or individual micelles of Pluronics show Newtonian behavior. As surfactant
concentration increases, the resultant fluid becomes more complex. If micelles form a crystalline
structure, the system gels with non-Newtonian characteristics [78]. At intermediate
concentrations of Pluronics, wormlike micelles will form because of the aggregation and
entanglement of the chains. These structures are like polymer solutions and their rheological
properties have been studied widely.
Montalvo and others [79] studied the rheological properties of lamellar and hexagonal liquid
crystals of a small molecule surfactant, cetrimonium bromide (CTAB) in the presence of benzyl
alcohol and water. They have observed shear thinning behavior for hexagonal mesophases with a
zero-shear rate, while for lamellar mesophases, a yield stress has been observed at low values of
shear rate. The observed values of yield stress for lamellar samples are in the range of 1.5
Pa<𝜎𝜎𝑦𝑦 <15 Pa [79]. Rodriguez-Abreu and others [80] studied the rheological properties of normal
(H1) and reverse (H2) hexagonal mesophases where a yield stress is observed in both phases.
1.3.2 Oscillation behavior of mesophases
Small amplitude oscillatory shear tests have been used to study the viscoelasticity of
mesophases. In the amplitude sweep experiments, mesophases show type III non-Newtonian
behavior, like many other colloidal systems such as highly concentrated emulsions [81] and
polymer solutions [82]. A weak strain overshoot is observed in type III non-Newtonian behavior
and both storage modulus (G') and loss modulus (G'') decrease at relatively high strains, where
non-linear viscoelastic behavior is observed [82].
The value of storage moduli in different mesophases are different and usually are associated with
the type of structure. For example, it has been observed that the values of storage modulus for
both H1 and H2 are in the same order of magnitude, but slightly higher for normal phases [80].
Additionally, the value of storage modulus for lamellar mesophases is at least one order of
magnitude lower, when compared to hexagonal mesophases [79].
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In frequency sweep experiments, the linear viscoelastic response of mesophases is consistent
with that of a viscoelastic liquid and can be described by a generalized Maxwell model.
Mesophases show a viscoelastic behavior with a solid-like behavior in a relatively broad range of
frequencies, where G' is higher than G''. Both microscopic and mesoscopic domains contribute to
the viscoelasticity of mesophases. The bicontinuous cubic (gyroid) structures of a phytantrio in
water shows a viscoelastic behavior with a crossover between G' and G'', while the reverse
hexagonal structure of the same samples show no crossover point and the material behaves like a
solid in the whole range of frequencies (0.01-100 Hz) [83]. Mesophases response in the
frequency sweep experiment is usually in the rubbery plateau region, due to a high level of
ordering that makes the material solid-like.
Although several experimental tests can be employed to study the rheological properties and
viscoelastic behavior of mesophases, having a model to estimate their elastic modulus is very
helpful in designing new materials for different types of applications. Studies show that the
crystalline structure of mesophases plays an important role in their viscoelastic behavior. For
example, the elastic modulus of lamellar mesophases is at least one order of magnitude lower
when compared to hexagonal systems [79, 84–86].
The dissipative particle dynamics (DPD) simulation method [87] is used to model the
viscoelastic properties of a gel system based on self-assembly of an amphiphilic ABA triblock
copolymer in midblock‐selective solvent. It has been found that the elastic response of a low
molecular weight ABA triblock copolymer gel is comparable with the Rouse modulus [87]. In
another study, the stress fluctuation simulation technique has been used to model the elastic
constants of a face-centered cubic (FCC) crystalline polymer at different temperatures [88, 89].
Although simulation techniques are helpful in estimating the mechanical properties of selfassembled materials, no analytical model, to the best of our knowledge, exists to estimate the
average elastic modulus of a self-assembled mesophase based on its structure.
1.3.3 Shear-induced orientation in mesophases
Orientation and ordering of soft materials, such as block copolymers [90], colloidal suspensions
[91], thermotropic [92] and lyotropic liquid crystals [93], can be affected by flow and
deformation as a result of shear. For example, in symmetric diblock copolymer melts, steady
state shear can induce disorder-to-order transitions, when sheared above their order-disorder
transition (ODT) temperature [94]. In asymmetric diblock copolymers of
poly(ethylenepropylene)–poly(ethylethylene) (PEP‐PEE), a cubic phase transition to the
hexagonal phase has been observed as a result of shear [95]. Shear-induced orientation is a
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response of the material to minimizing flow stress by orienting microstructures to reduce the
interfaces between self-assembled molecules [96].
Different methods such as scattering techniques [97], nuclear magnetic resonance (NMR) [98],
and flow birefringence [99] are used to study the shear-induced orientations in LLCs. In a
lamellar system of sodium dodecyl sulphate/decanol/D2O, steady flow leads to the reorientation
of lamellae from perpendicular, with the layer normal in vorticity direction, to parallel, with the
layer normal in velocity gradient direction (see Figure 1-6). Reduction in the viscosity of the
system as a result of such reorientation is reported [99].

Figure 1-6. Schematic illustration of the dominating layer orientation in a lamellar structure. Shear rate
increases from left to right, retrieved from [99].

Oscillatory shear can also be used to align the mesophase structures. For instance, in a block
copolymer solution of Pluronic P123, applying oscillatory shear leads to the formation of a
single crystal, verified via the rheology-small angle neutron scattering (rheo-SANS) technique
[97].
Mesophases are not a single liquid crystal structure, but consist of different types of defects, such
as vacancies, dislocations, and grain boundaries that will be discussed in the following chapters.
Studies show that appropriate shear flow can remove the defects present in the ordered structures
of block copolymers; therefore, domains orient themselves in the direction of flow and the
storage modulus of the system decreases [76, 100, 101]. Defects have a very long relaxation time
and are usually present in the ordered structures such as LLCs. As mentioned, shear flow can
remove the defects, but it has been shown that defects might re-form at rest [100]. Re-formation
of defects may lead to an increase in the storage modulus of the system that complicates the
interpretation of the results.
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1.4 Overview of current work
The overall objective of this research has been to design and develop new polymer membranes
for water filtration applications using self-assembled Pluronic block copolymers, known as
mesophases. The new proposed method is eco-friendly and does not require the use of any
organic solvent for preparation of membranes. As mentioned in Section 1.3, mesophases are
viscoelastic materials and their rheological properties affect their processability in different
applications including membrane fabrication. Thus, a comprehensive study has been done on the
rheological properties of mesophases in different flow fields (simple shear and oscillation).
Additionally, the proposed templating method involved polymerization in nanoconfinement that
required us to study the kinetics of polymerization in nanoconfinement that would be beneficial
for scaling up the method. The remainder of this report is organized as follows. The materials
and general methods used for characterization of the experimental samples are presented in
Chapter 2. In Chapter 3, we provide a comprehensive experimental study on the rheological
behavior of mesophases. In Chapter 4, we shed light on the effect of confinement on the kinetics
of polymerization using chemorheology and differential scattering calorimetry (DSC) methods.
The proposed templating method for making UF membranes is presented in Chapter 5. We
summarize our findings in Chapter 6 and provide some outlook for future work.
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Chapter 2: Materials and Methods
This chapter presents detailed information on the materials and experimental procedures
described in this work. The calculation of the lattice parameters in different mesophase systems
from small angle X-ray scattering (SAXS) data will be introduced. The procedures in this
chapter have been published in references [42, 102–104].

2.1. Materials
The mesophases examined in this work are composed of three main phases: (1) aqueous phase,
(2) oil phase, and (3) Pluronic block copolymer. In all samples, deionized (DI) water (0.055
μs/cm, EMD Millipore Direct-Q3) is used as the aqueous phase. The density of DI water at 25
°C is 1 g/mL.
Pluronics L64, P84, L121, and P123 are kindly provided by BASF. The physical data provided
by the manufacturer are summarized in Appendix C.
For P84 and L121, p-xylene (Sigma-Aldrich) is used as the oil phase. The density of p-xylene at
25 °C is 0.861 g/mL. For P123, 1-butanol (Millipore) is used as the oil phase. The density of 1butanol at 25 °C is 0.810 g/mL.
For membrane preparation, butyl acrylate (≥99%, Sigma-Aldrich) and ethylene glycol
dimethacrylate (purified, Electron Microscopy Sciences) are used as the monomer and
crosslinker, respectively. Azobisisobutyronitrile (AIBN, 98%, Sigma-Aldrich) and 1hydroxycyclohexyl phenyl ketone (HCPK, 99%, Sigma-Aldrich) are used as thermal and UV
initiators, respectively.
To characterize the membrane performance, bovine serum albumin (BSA), from Sigma-Aldrich,
is used as a solute for rejection tests. Poly(ethylene glycol), PEG, with molecular weight of 300
g/mol (PEG300, Sigma-Aldrich) is used as a model foulant. For molecular weight cut-off
(MWCO) experiments, PEG with different molecular weights: 200, 400, 600, 1000, 1500, 4000,
and 6000 g/mol are purchased from Alfa Aesar. All chemicals are used as received without
further purification unless otherwise mentioned.

2.2 Mesophase preparation
Pluronic block copolymer, water, and the oil phase are mixed in a glass vial via centrifugation. In
this process, samples are repeatedly centrifuged (2000 rpm) and rotated until a transparent
mesophase is obtained. It should be noted that this centrifugation method is an effective mixing
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procedure and does not lead to phase stratification for mixtures wherein the components have
similar densities, as is the case for our system [43, 44, 105].

2.3 SAXS analysis
2.3.1 Methodology
SAXS measurements are performed utilizing a Bruker Nanostar System with a monochromated
Cu Kα radiation source at Los Alamos National Laboratory. SAXS samples are loaded into
quartz capillaries with a nominal diameter of 1.5 mm (Charles Supper Company, Natick, MA) by
centrifugation. Capillary tubes are then sealed using Critoseal and epoxy glue (JB Weld). The
beam center and sample to detector distance are determined using silver behenate. Onedimensional (1D) scattering profiles are produced through azimuthal integration of the twodimensional (2D) scattering patterns.
2.3.2 Determining different mesophase structures using SAXS
Lamellar, hexagonal, and micellar cubic mesophases can be identified using SAXS. Relative
peak positions (𝑞𝑞/𝑞𝑞 ∗ ) is used to determine the structure of each sample, where 𝑞𝑞 is the scattering
vector and 𝑞𝑞 ∗ is the principal peak in each 1D SAXS profile. Lamellar structures show 1:2:3:4…
relative peak positions, hexagonal structures have 1:√3:2:√7:3… relative peak positions, and
micellar cubic (body centered cubic, BCC) structures have relative peak positions of
1:√2:2:√6…. Figure 2-1 shows the typical SAXS patterns for different mesophase structures.
(a)

(b)

(c)

Figure 2-1. Typical SAXS patterns for different mesophase structures. (a) lamellar mesophases show
1:2:3:4… relative peak positions, (b) hexagonal mesophases show 1:√3:2:√7: relative peak positions, (c)
BCC mesophases show 1:√2:2:√6… relative peak positions.

Details on the calculation of lattice parameter from SAXS data are presented in Appendix D.
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Chapter 3: Rheological Characteristics of Mesophases of
Block Copolymer Solutions
3.1. Introduction
Rheological properties of mesophases play an important role in their processability and final
applications including the design of unit operations such as mixing, quality control, and
formulation optimization. Extensive studies have been done on the rheological behavior of selfassembled block copolymer melts [39, 61, 70, 62–69]. Shear-induced orientation has been
observed in lamellar and hexagonal mesophases, where the elastic modulus decreases by strain
[71, 97, 106–108]. Shear deformation can affect both the macroscopic texture and also the
mesoscopic orientation of the micelles; therefore, different methods such as small angle
scattering techniques, nuclear magnetic resonance (NMR), and flow birefringence in conjunction
with shear flow have been used to monitor the shear-induced orientation in mesophases in
different length scales [98, 109–111]. It has been shown that both simple shear flow and large
amplitude oscillatory shear (LAOS) flow can result in the alignment of mesophase systems
[106]. The more the system is aligned, the lower is its elastic modulus [97, 100, 112, 113]. This
phenomenon can be used to prove the shear-induced alignment in an indirect way. It should be
noted that in LLC systems, different factors including the presence of defects, such as vacancies,
dislocations, and grain boundaries [114], their elimination as a result of shear flow, and their reformation at rest (over a long period), contribute to the behavior of the system under shearinduced alignment. In other words, if the system is free of defects, the reduction in elastic
modulus does not relax back to its original state. However, the presence of defects with very long
relaxation times can be misleading in interpretation of the decrease in elastic modulus of the
system with alignment [100, 115]. Hahn and others [100] observed that the elastic modulus of a
lamellar mesophase decreases monotonically during shear deformation due to the elimination of
defects and the alignment of mesophases, but it increases during relaxation to a stable state as
defects are spontaneously recreated in the system toward an unaligned state [100]. Figure 3-1
schematically shows three types of defects in LLC systems.
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Figure 3-1. Cross section of a typical polycrystalline hexagonal mesophase shows three types of defect,
namely vacancy, dislocation, and grain boundaries.

Mesophases show a viscoelastic behavior with a solid-like behavior in a relatively broad range of
frequencies, which could be due to a combination of microscopic and mesoscopic domains. In
the microscopic domain, the entanglement of block copolymer chains, microphase separated
domains, and dynamic interfacial properties affect the rheology, while the domain size and
intermicellar interactions are responsible for the observed rheological behavior in the mesoscopic
scale [115].
Despite the versatile applications of ternary LLCs of amphiphilic block copolymers in two
selective solvents, which have different mesostructures at a constant temperature, no
comprehensive study has been reported on their rheology. In this chapter, we study the
rheological characteristics of a series of LLCs with lamellar, normal hexagonal, and reverse
hexagonal structures. Flow behavior, the possibility of shear banding, and stress relaxation
mechanisms are discussed. Additionally, oscillatory shear experiments are performed to shed
light on the viscoelasticity of mesophases.

3.2 Experimental Methodologies
3.2.1 Formulation design
Pluronic block copolymer, DI water, and p-xylene (in the case of Pluronic P84 and L121) or 1butanol (in the case of Pluronic P123) are mixed in a glass vial through centrifugation. Different
compositions for mesophases are determined based on their corresponding ternary phase diagram
[43, 44, 105] as listed in Table 3-1. The PPO vol. fraction shows the volume fraction of PPO
block in each Pluronic block copolymer. Oil and Pluronic vol. fractions are the volume fractions
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of oil phase and Pluronic block copolymer is each sample, respectively. Water vol. fraction can
be calculated from volume fractions of oil and Pluronic. Other parameters in Table 3-1are
explained in Appendix D. We have chosen a variety of compositions with a relatively wide range
of lattice parameter and different types of mesophases for a comprehensive comparison between
their rheological properties. The samples are coded with Pluronic/water/oil weight ratio, prefixed
by Pluronic type. The type of structures is identified at the end of the sample name (L for
lamellar, H1 for normal hexagonal, and H2 for reverse hexagonal).
Table 3-1. Composition and lattice size parameters for the samples used in this study.
sample
P84_60/35/5_L
P84_40/35/25_L
P84_70/25/5_L
P84_50/45/5_H1
P84_60/15/25_H2
P84_40/15/45_H2
P123_50/45/5_H1
P123_60/35/5_L
L121_60/25/15_H2

d or
a
(nm)

δ or
α
(nm)

0.418

7.6

3.2

polar
domain
size
(nm)
4.4

69.5

DH
or
DL
(nm)
0.5

MH
or
ML
(nm)
2.2

0.487

0.371

9.8

3.6

6.2

70.0

0.7

2.4

0.059

0.688

0.479

7.0

3.3

3.6

69.5

0.6

2.4

0.61

0.390

0.466

0.674

0.61

0.347

0.519

0.664

8.9

2.7

6.2

67.0

0.5

4.4

8.4

2.6

5.9

66.7

1.3

3.6

0.61

0.493

0.366

0.716

10.4

2.9

7.5

69.4

2.6

3.9

0.67

0.057

0.493

0.387

10.7

3.5

7.2

85.5

2.4

4.2

0.67
0.91

0.060

0.590

0.455

8.7

4.0

4.8

72.2

1.2

2.6

0.171

0.583

0.701

14.0

4.0

9.9

69.3

0.6

6. 7

PPO
vol.
fraction

oil vol.
fraction

Pluronic
vol.
fraction

0.61

0.059

0.588

0.61

0.074

0.61

𝜙𝜙

grain
size
(nm)

3.2.2 Small angle X-ray scattering (SAXS) measurements
In order to confirm the mesostructure of samples, SAXS measurements are performed on all
samples as described in Chapter 2.
3.2.3 Rheological measurements
Details on the rheological tests are presented in Appendix E.
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3.3 Results and discussion
3.3.1 SAXS analyses
SAXS analysis, as typically shown in Figure 3-2, confirms the mesostructure of samples
according to the phase diagrams reported in the literature. Relative peak positions (𝑞𝑞/𝑞𝑞 ∗ ) is used
to determine the structure of each sample. SAXS graphs of other samples are shown in Appendix
F.
(a)

(b)

(c)

(d)

Figure 3-2. Typical SAXS graphs for lamellar and hexagonal mesophases: (a) P84_60/15/25_H2, (b)
P123_50/45/5_H1, (c) P123_60/35/5_L, and (d) P84_70/25/5_L.

From the SAXS scattering profiles and using Bragg’s law, lattice parameter, apolar domain size,
and polar domain size for each mesophase is calculated. Calculated parameters from SAXS for
all samples are listed in Table 3-1.
It should be noted that both 1-butanol and p-xylene can dissolve PEO with relatively small
molecular weights. However, the selective solubility of aqueous copolymer solutions is only
4 wt% in p-xylene [116]. Pluronic P123 is insoluble in 1-butanol in the absence of water [44] and
has a very low selective solubility, only up to 8 wt%, in the presence of water [44]. All the
calculations assume that the water, PEO, PPO, and oil phases are completely segregated and that
each component is characterized by its bulk density [116].
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3.3.2 Rheological characteristics
Detailed experimental results on rheological characteristics of mesophases are reported in
Appendix G. The results suggested that the shear banding may be present in the flow of the
mesophases, but needs to be confirmed using velocimetry techniques. A typical rheo-SANS data
on a lamellar sample suggested that there is no shear-induced structural transition in the sample,
but shear-induced alignment takes place at high deformations (above the yield strain),
intermicellar slippage happens, and a very slow relaxation time appears in the subsequent stress
relaxation. Under high strains, shear-induced alignment occurs as a result of defect elimination,
which leads to a decrease in the elastic modulus of mesophases. However, since the defects reform spontaneously, the mesophases relax back to their original viscoelastic properties with
enough rest time.

19

Chapter 4: Studying the Polymerization in Soft
Nanoconfinements of Lamellar and Reverse Hexagonal
Mesophases Using Chemorheology
4.1. Introduction
Direct templating by preformed LLC phases has widely been used for producing organic and
inorganic mesoporous materials [117–122]. As discussed in Chapter 1, in such cases, we deal
with polymerization in nanoconfinement. It has been found that confinement is one of the main
factors contributing to the polymerization rate. As the system is more confined, the local
monomer concentration increases, which leads to a higher termination rate and a lower
polymerization rate [123]. Figure 4-1 schematically shows the effect of confinement.
(a)

(c)

(df - d0)/do

(b)

E (Pa)

Figure 4-1. Schematic illustration of: (a) the effect of confinement on the probability of termination
reactions, (b) the increase in domain size upon polymerization due to the tendency of polymer chains to
form random coils, and (c) the expected dependence of a change in domain size upon polymerization to
the template modulus (see Equation (4-1)).

In soft nanoconfinements, the template stiffness also plays a role in the polymerization kinetics.
In other words, as the degree of polymerization increases, polymer chains tend toward random
coil conformations to minimize their free energy (Figure 4-1b). If the template stiffness cannot
suppress the tendency of the random coil conformation, the domain size will increase. In an ideal
case, the higher the elastic modulus of a soft template, the lower is the change in the domain size
upon polymerization; thus, the higher is the effect of confinement at a fixed initial domain size
(Figure 4-1c). Hard templates can be considered to have infinite moduli with no change in the
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domain size, whereas a template with zero modulus will be destroyed upon polymerization
(maximum change in domain size). Therefore, we can suggest the following scaling relationship:
𝑑𝑑𝑓𝑓 −𝑑𝑑0
𝑑𝑑0

1

(4-1)

∝ 𝐸𝐸𝑛𝑛

where 𝑑𝑑𝑓𝑓 and 𝑑𝑑0 are the final and initial domain sizes, 𝐸𝐸 is the elastic modulus, and 𝑛𝑛 has a value
equal to or higher than unity. A deviation from this scaling suggests that properties of the
template change during polymerization. As discussed, the degree of confinement is the
prominent factor affecting the polymerization kinetics in nanoconfinement. The degree of
confinement in turn is influenced by three factors, including the size of the confinement, the
elastic modulus of the template, and the interfacial properties of the template.
In this chapter, we use chemorheology to study the kinetics of polymerization in soft
nanoconfinement. Mesophases with the same amount of monomer phase but different structures
are used to cancel the effect of monomer and initiator concentration on the polymerization rate.
Differential scanning calorimetry (DSC) is used to confirm the kinetics of polymerization
derived from chemorheology.

4.2 Experimental Methodologies
Detailed experimental methodologies are presented in Appendix H. We have used different
Pluronic block copolymers while keeping the concentration of the polymerizing phase at 25
wt%. Two lamellar, Lα, mesophases were prepared with P84/water/monomers 60/15/25 wt% and
L121/water/monomers 57/18/25 wt%, and two inverse hexagonal, H2, mesophases with
P84/water/monomers 40/35/25 wt% and L64/water/monomers 55/20/25 wt%.

4.3 Results and discussion
4.3.1 SAXS analyses
To confirm the retention of mesostructures upon thermal polymerization, SAXS studies are done
on the mesophases before and after polymerization and the relative positions of Bragg peaks
(q/q*) are used to determine the structure of each sample. Detailed SAXS results are presented in
Appendix H.
4.3.2. Rheological measurements
Frequency sweep results for lamellar and reverse hexagonal mesophases are discussed in
Appendix H. Variations of the dynamic moduli with time at three different temperatures for the
lamellar and reverse hexagonal samples are shown in Figure 4-2. Three stages of polymerization
can be found: (1) induction, where G' is relatively constant in the beginning of the experiment for
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a period indicated as 𝑡𝑡𝑖𝑖𝑖𝑖 ; (2) propagation, where G' sharply increases by time; and (3) final
curing and termination, where G' reaches a plateau.

Gel point terminology in the conventional chemorheology literature cannot be applied here
because of the solid-like behavior of the samples [124]. Additionally, the G'=G'' or tan δ=1
criterion [125] cannot be used as no crossover between dynamic moduli is observed. Considering
the gel point as the time when G'' is maximal does not work either since G'' does not show a
maximum in the samples under study [125–127]. Therefore, the evolution of dynamic moduli
and complex viscosity are fitted using Arrhenius-type models to determine the kinetic constants
[128].

Figure 4-2. Variation of dynamic moduli with time at three different temperatures (60, 65, and 70 °C) for
(a) P84-Lα, (b) L121-Lα, (c) P84-H2, and (d) L64-H2 samples.

Activation energy in the induction step can be modeled using an Arrhenius model as follows for
the induction time, 𝑡𝑡𝑖𝑖𝑖𝑖 :
𝐸𝐸𝑖𝑖𝑖𝑖

𝑡𝑡𝑖𝑖𝑖𝑖 = A𝑖𝑖𝑖𝑖 𝑒𝑒 � 𝑅𝑅𝑅𝑅 �

(4-2)

where 𝐸𝐸𝑖𝑖𝑖𝑖 , 𝑅𝑅, 𝑇𝑇, and A𝑖𝑖𝑖𝑖 are the induction activation energy, gas constant, absolute temperature,
and the pre-exponential factor, respectively. See Appendix H for details on induction activation
energy of each sample.
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The values of the induction activation energy for different samples are shown in Table 4-1.
Table 4-1. Model parameters for the initiation and propagation steps of polymerization in the bulk,
lamellar and reverse hexagonal samples. 𝜼𝜼∗𝝎𝝎=𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏/𝒔𝒔 is the complex viscosity at angular frequency of 1
rad/s.
Sample

T

Unit

°C

Bulk
P84-Lα
L121-Lα
P84-H2

L64-H2

60
65
70
60
65
70
60
65
70
60
65
70
60
65
70

𝐸𝐸𝑖𝑖𝑖𝑖

kJ/mol
38±11
104±12
96±27
141±13

138±6

𝐾𝐾

10-3/s
21.6
24.1
32.4
4.7
6.5
9.3
4.3
7.6
9.4
5.4
8.5
11.8
5.7
7.9
11.0

∗
𝜂𝜂𝜔𝜔=1𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠

𝐸𝐸𝑝𝑝

Confinement
size

Change in apolar
domain size

kJ/mol

nm

nm

Pa.s

39±2

NA

NA

NA

65±3

0.8

0.12

9.55

66±2

1.2

1.85

1.86

69±4

1.3

11.02

384.86

68±3

1.5

0.09

49.93

To calculate the polymerization rate, the evolution of the LLC complex viscosity, |𝜂𝜂 ∗|, during
polymerization (Figure 4-3) was used. A first order double Arrhenius model was used to describe
the chemorheological data [127, 128]:
𝐸𝐸

ln|𝜂𝜂∗ | = ln |𝜂𝜂∗ 𝑣𝑣 | + 𝑅𝑅𝑅𝑅𝑣𝑣 + 𝑡𝑡𝑡𝑡

(4-3)

where |𝜂𝜂∗ 𝑣𝑣 | is the initial complex viscosity before polymerization, and 𝐸𝐸𝑣𝑣 is the viscous activation
energy. 𝐾𝐾 is the polymerization rate constant, which is related to the curing temperature as:
−𝐸𝐸𝑝𝑝

(4-4)

𝐾𝐾 = 𝑘𝑘0 exp( 𝑅𝑅𝑅𝑅 )

where 𝐸𝐸𝑝𝑝 is the activation energy of polymerization.

From Figure 4-4, the initial complex viscosity of the samples, shown by an arrow in the graphs,
does not change with temperature, which can be attributed to the confined structure of LLCs that
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hinders free movement. Therefore, thermal dependency of viscosity is negligible (𝐸𝐸𝑣𝑣 = 0). The
polymerization region of |𝜂𝜂∗ | versus time is fitted with Equation (4-4) and the model parameters
are summarized in Table 4-1. The polymerization rate in the reverse hexagonal confinement is
higher than that of the lamellar ones. We believe the degree of confinement [118, 129]
contributes to the higher polymerization rate in the reverse hexagonal mesophases.
(a)

(b)

(c)

(d)

Figure 4-3. Evolution of complex viscosity at different curing temperatures for (a) P84-Lα, (b) L121-Lα,
(c) P84-H2, and (d) L64-H2 samples. The dashed lines show the fitted slope in the propagation step.

As discussed in the introduction, the degree of confinement can be correlated with the interfacial
properties of the confinement, elastic modulus of the confinement [130, 131], and the
confinement domain size [132, 133]. From the rheological data, the reverse hexagonal
mesophases have higher storage moduli compared to the lamellar ones. Therefore, according to
Equation (4-1), we ideally expect to see a smaller change in the domain size upon
polymerization. However, SAXS results in Table 4-1 show that the P84-H2 mesophase has a
higher change in domain size upon polymerization compared to the P84-Lα sample. The
deviation from Equation (4-1) is attributed to dynamic changes in the interfacial properties of the
mesophases and shows that factors other than storage moduli are responsible for the change in
domain size. The change in domain size results show that reverse hexagonal mesophases offer
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less degree of confinement than the lamellar ones for the growing polymer chains, and that
results in a higher rate of polymerization.
Additionally, as shown in Figure 4-4, the size of confinement in the reverse hexagonal and
lamellar systems can be calculated from the radius of the biggest circle (𝑅𝑅ℎ,𝑚𝑚𝑟𝑟𝑚𝑚 and 𝑅𝑅𝑙𝑙,𝑚𝑚𝑟𝑟𝑚𝑚 ) that
can be contained in the apolar domain (the bigger the sphere, the bigger the confinement size).
The radius of such a circle is equal to half of the monomeric domain size in the lamellar samples,
as:
𝑅𝑅𝑙𝑙,𝑚𝑚𝑚𝑚𝑚𝑚 =

𝐷𝐷1

(4-5)

2

whereas for reverse hexagonal mesophases, 𝑅𝑅ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 is obtained as follows:
𝐴𝐴

𝑅𝑅ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝜋𝜋ℎ

𝐴𝐴ℎ =

a2 √3
4

−

𝜋𝜋(𝑀𝑀𝐻𝐻 )2

(4-6.a)
(4-6.b)

2

Figure 4-4. Schematic illustration of the parameters obtained from SAXS and confinement size in (a)
lamellar and (b) reverse hexagonal mesophases.

Based on the geometrical analysis:
√3

𝑀𝑀𝐻𝐻 = a�2𝜋𝜋 (𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )

(4-7)

The lattice parameter, a, values from SAXS data are 6.6 nm and 7.4 nm for P84-H2 and L64-H2
samples, respectively. Also, volume fractions of water, 𝝋𝝋𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 , and monomer phases, 𝝋𝝋𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌𝐌 ,
in P84-H2 and L64-H2 are reported in Table 4-2.
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Table 4-2. Values of the necessary parameters for calculating 𝑹𝑹𝒉𝒉,𝒎𝒎𝒎𝒎𝒎𝒎 in the reverse hexagonal samples.
Sample
P84-H2
L64-H2

𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
0.35
0.2

𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
0.38
0.52

𝑀𝑀𝐻𝐻 (nm)
3.0
3.3

𝐴𝐴ℎ (nm2)
5.5
7.1

𝑅𝑅ℎ,𝑚𝑚𝑚𝑚𝑚𝑚 (nm)
1.3
1.5

Confinement sizes are calculated for all samples based on the data provided in Table 4-2 and are
reported in Table 4-1. We observe that for the same polymer chain, the lamellar mesophases
provide a greater degree of confinement, thus smaller confinement size compared to the
hexagonal ones.
Results in Table 4-1 show that the polymerization rate decreases with increasing confinement
size. In the confined structures, the probability of two macroradicals to react with each other
increases, and that leads to a higher termination rate. Therefore, the rate of polymerization as
well as the degree of conversion decrease [123]. In fact, we can consider the mesophase
polymerization similar to the polymerizations of a dispersed phase in mini-emulsions and
emulsions. In such systems, the concentration of radicals in the dispersed phase varies depending
on the volume of the monomer droplets/polymer particles dispersed in the continuous phase
[134, 135]. In this work, rather than being confined inside droplets of a dispersed phase, the
reaction is confined within the structures of the lamellar and reverse hexagonal mesophases.
Salsamendi and coworkers have considered the confinement effects experienced by propagating
radicals to explain the significantly reduced rate of polymerization [136]. They developed a
mathematical model to take into account the segregation effects on the polymerization rate. Their
segregation model predicts that bulk free radical polymerization would proceed at a much faster
rate compared to the nanoconfined structure. Our data show that the polymerization proceeds
significantly faster in the bulk state compared to the reverse hexagonal samples. The lamellar
systems have the slowest polymerization rates. Therefore, our results are in agreement with the
segregation model, which predicts that as the degree of confinement increases, the probability of
the termination increases due to the higher local radical concentration resulting in a slower rate
of polymerization [136].
Chemorheology results show that the final values of dynamic moduli increase with curing
temperature (Figure 4-2). Mechanical properties of the crosslinked polymer control the storage
modulus of each sample that in turn is proportional to the reaction conversion. In order to
confirm this hypothesis, the conversion of the samples cured at different temperatures is
measured using the gravimetric technique and plotted against the curing temperature (Figure 45). After the polymerization is ended, we measured the rheological properties of each cured
sample at different temperatures to investigate the temperature dependency of the final elastic
modulus (data shown in Figure 4-6). We found that the storage modulus of polymerized samples
decreases with increasing temperature from 25 to 70 °C, because the polymer network becomes
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softer by increasing the temperature. In addition, according to poroelasticity theory, the decrease
in elastic modulus of polymerized mesophases could be due to the decrease in the water viscosity
with temperature [137, 138]. Final elastic moduli of the samples, measured at 70 °C (to remove
the effect of temperature), are plotted against the conversion in Figure 4-5b. The results suggest
that G'final is correlated linearly with the reaction conversion within the studied range of
temperature. The enhanced conversion with increasing curing temperature is attributed to the
increase in polymerization rate and monomer diffusion coefficients [127].
(a)

(b)

Figure 4-5. (a) Effect of curing temperature on conversion of each mesophase system. (b) Effect of
conversion on the final mechanical properties of each sample.
(a)

(b)

(c)

(d)

Figure 4-6. Temperature sweep of dynamic moduli of polymerized mesophases: (a) P84-Lα (60/15/25),
(b) L121-Lα (57/18/25), (c) P84-H2 (40/35/25), and (d) L64-H2 (55/20/25) samples, cured at different
temperatures (shown in the legend).
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4.3.3 DSC measurements
To confirm the kinetic parameters obtained from chemorheological studies, DSC is performed on
two typical samples with lamellar and hexagonal structures (P84-Lα and P84-H2). Details are
presented in Appendix H.

4.4 Conclusion
In this work, we describe a detailed analysis of the thermal polymerization kinetics of monomers
in ternary lyotropic liquid crystal systems. By comparing the rate of polymerization in various
liquid crystalline phases, the effects of nanoconfinement and template softness have been
elucidated. Three stages of polymerization (i.e., initiation, propagation, and termination) are
observed in the chemorheology and DSC measurements. We observe that the viscosity of the
mesophases contributes to the initial and total activation energy of the polymerization. In our
system, the higher viscosity of the reverse hexagonal mesophase at the early stages of the
polymerization leads to the higher activation energy compared to the lamellar and bulk samples.
The results from the chemorheology and DSC also show that the rate of polymerization
decreases significantly in confined structures compared to the bulk polymerization. Additionally,
the polymerization rate is higher in reverse hexagonal mesophases than for that of the lamellar
structures. This phenomenon is attributed to the segregation effects in which as the degree of
confinement increases, the probability of termination increases due to the higher local radical
concentration. The degree of confinement in our system is correlated with the confinement size,
elastic modulus of the template, and the interfacial properties of the template. We show that the
reverse hexagonal structure offers a lesser degree of confinement for the growing polymer
chains. At the final stages of the polymerization, a lower limiting conversion is observed in the
lamellar systems compared to the reverse hexagonal ones. This is attributed to the higher degree
of confinement in the lamellar mesophases that leads to a higher rate of termination in the late
stages of polymerization.
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Chapter 5: Ultrafiltration Membranes from
Polymerization of Self-Assembled Pluronic Block
Copolymer Mesophases
5.1 Introduction
Ultrafiltration (UF) is one of the most commonly employed separation techniques with
applications in a variety of industries ranging from food processing to chemical manufacturing
and protein purification [139–142]. In the treatment of water and wastewater, UF plays a key
role in the removal of suspended particles, viruses, and bacteria [143–145].
The most common approach taken in the development of improved UF membranes has been
surface modification. Grafting hydrophilic groups, such as poly(ethylene glycol), to the surface
of membranes has been proven to reduce fouling [146, 147]. However, surface modification is
costly. Another approach, a combination of polymer self-assembly and NIPS, referred to as
SNIPS, affords resultant membranes with high flux and anti-fouling properties [30, 148, 149].
However, as discussed in Chapter 1, the SNIPS method still requires large quantities of organic
solvent and, as such, is not eco-friendly [30]. Templating [81, 118, 150, 151] is an alternative
route to porous membranes in which a structured or porous material is used as a template to
impart structure to another material and subsequently removed.
In the current work, the self-assembled mesostructures of a commercially available Pluronic
block copolymer (Pluronic L64) in water and an oil phase consisting of monomers are employed
as templates for the preparation of UF membranes without the need for organic solvents.
Hexagonal and lamellar mesophases are prepared by changing the concentration of Pluronic L64
and the water/monomer ratio. Polymerization of the monomer phase via a thermal/photoinitiation system followed by extraction of the aqueous phase and block copolymer generally
retains the template structure, generating pores in the resultant membrane (Figure 5-1).
Membrane performance is found to be superior to that of a commercial NIPS UF membrane (GE,
PT Series, PT8040F30) in terms of permeability, flux decline, and rejection of both bovine
serum albumin and Direct Red 23 dye.
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Figure 5-1. Schematic representation of templating method for making mesoporous polymers using (a)
lamellar and (b) hexagonal mesophases. Oil phase consists of monomer, crosslinker, and initiators.

5.2 Experimental Procedures
5.2.1 Preparation of lamellar and hexagonal mesophases
Pluronic L64, water, and an oil phase, which consisted of monomer, crosslinker, and initiator, are
mixed in a glass vial via centrifugation. Four different compositions, shown in Table 5-1, are
chosen based on the lamellar and hexagonal regions of a similar phase diagram developed by
Alexandridis and others. [116].
5.2.2 Cross-polarized light microscopy
A cross-polarized Olympus microscope (model BX60) is used to characterize the liquid
crystalline structure of mesophases before and after the polymerization. A small amount of each
mesophase (before polymerization) is placed on a glass slide and covered with a glass cover slip.
Cross-polarized images of samples are recorded using a microscope-mounted digital camera.
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Table 5-1. Formulation design of the synthesized membranes.
Membrane

Pluronic/water/oila
composition (wt.%)

Mesophase
structure

I

60/30/10

Lamellar

II

50/35/15

Lamellar

III

60/15/25

Hexagonal

IV

55/15/30

Hexagonal

a The

oil phase consisted of monomer, crosslinker, HCPK, and AIBN, where
the crosslinker, HCPK, and AIBN concentrations were 33, 5, and 5 wt. %
with respect to the monomer, respectively.

5.2.3 SAXS measurements
SAXS is used to determine the structure of each mesophase before and after polymerization.
5.2.4. Preparation of the membranes
To control for effects arising from the membrane support, membranes are prepared using a
polyethylene nonwoven fiber support recovered from the commercial UF membrane using a
Soxhlet extraction with chloroform. The detailed fabrication procedure is presented in Appendix
I.
5.2.5 Membrane performance measurements
5.2.5.1 Water permeability

Membrane permeability is determined using a high pressure stirred cell (Sterlitech Corporation)
in a dead-end filtration mode with the stirring rate of 750 rpm. Darcy’s law is used to calculate
the permeability as follows:
𝜅𝜅
𝑙𝑙

𝑄𝑄

𝜇𝜇

(5-1)

= 𝐴𝐴 𝑚𝑚∆𝑃𝑃
𝑚𝑚

where 𝑄𝑄𝑚𝑚 , 𝜇𝜇, 𝐴𝐴𝑚𝑚 , ∆𝑃𝑃, 𝑙𝑙, and 𝜅𝜅 are the flow rate, viscosity, membrane area, pressure difference
along the membrane, membrane thickness, and Darcy’s constant (intrinsic permeability),
respectively. The ratio of 𝜅𝜅/𝑙𝑙 is considered as an indication of operational permeability in this
work due to modest thickness variation across synthesized membranes, which limit direct
comparisons between different membranes. DI water is filtered through the membranes under 1.5
bar applied N2 pressure. Membrane effective area is constant in all samples, 14.6 cm2. As noted
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previously, a commercial UF membrane (GE, PT Series, PT8040F30) with a MWCO of 5 kDa
(pore size of ~2.9 nm) is used as a control in this study.
5.2.5.2 Separation capability

To evaluate membrane separation capability, BSA is used as a feed solution solute. Then 1
mg/mL BSA solutions in water are prepared and passed through membranes in a dead-end
filtration mode. Concentration of solute in the feed and permeate are measured using a UV-Vis
spectrophotometer (UV-1800, Shimadzu). Solute rejection (r) is calculated based on the
following equation:
𝐶𝐶p

(5-2)

𝑟𝑟 = (1 − 𝐶𝐶 ) × 100%
f

where 𝐶𝐶p and 𝐶𝐶f are the concentrations of permeate and feed, respectively.
5.2.5.3 Fouling resistance

A Sterlitech high pressure stirred cell filtration apparatus is used to determine the fouling
resistance of synthesized membranes. Solutions of 1 mg/mL BSA and 1 mg/mL poly(ethylene
glycol) with a molecular weight of 300 g/mol (PEG300) are used as the feed. Fouling tests are
performed over a period of 12 hours in a dead-end flow configuration with permeate volume
collected in 10-30 min intervals. Permeate flux is calculated and plotted against collection time
to assess the flux decline over time due to fouling.
5.2.5.4 MWCO measurements

To determine the MWCO of membranes, 1 g/L aqueous solutions of PEG with different
molecular weights (200-6000 g/mol) are passed through them. A total organic carbon (TOC)
analyzer (Shimadzu, TOC-L series) is used to determine the PEG concentration in the permeates,
and the rejection values are calculated from Equation (5-2). Each TOC measurement is
performed five times and average values are reported. MWCO is defined as the molecular weight
of the PEG molecule that gives a 90% rejection [152].

5.3 Results and discussion
5.3.1 Mesophase characterization
Shown in Figure 5-2 are the cross-polarized micrographs obtained for mesophases before and
after polymerization. The streaky oil texture highlighted in Figure 5-2 for both samples I and II
before polymerization are indicative of a lamellar structure [29], while the fan texture of samples
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III and IV are characteristic of hexagonal liquid crystals [30]. Following polymerization, the
absence of extinction (a dark image) indicates that the structure remains anisotropic. As such,
these results suggest that all mesophases retain a liquid crystal structure after curing. SAXS
measurements further validate this finding and shed light on the exact structure of each sample.
SAXS data obtained for lamellar and hexagonal mesophases before and after polymerization are
shown in Figure 5-3, where the left columns show the SAXS patterns before polymerization and
the right columns show the SAXS data of the polymerized samples.
I, Before Polymerization

II, Before Polymerization

III, Before Polymerization

IV, Before Polymerization

I, After Polymerization

II, After Polymerization

III, After Polymerization

IV, After Polymerization

Figure 5-2. Cross-polarized light micrographs obtained for mesophases before and after polymerization
with compositions I, II, III, and IV, as listed in Table 5-1. Scale bar: 50 µm.
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(I-BP)

(I-AP)

(II-BP)

(II-AP)

(III-BP)

(III-AP)

(IV-BP)

(IV-AP)

Figure 5-3. 1D and 2D scattering profiles for mesophases before (left column, BP) and after (right
column, AP) polymerization for compositions I, II, III, and IV, listed in Table 5-1.
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Mesophase structures are determined using the relative peak positions (𝑞𝑞/𝑞𝑞 ∗ ) as discussed in
Chapter 2. It should be noted that the anisotropy evident in the 2D scattering pattern displayed in
the inset of Figure 5-3 (III-BP) could indicate the presence of a hexagonal modulated or
perforated lamellae (HM/HPL) phase, often found in close proximity to a purely hexagonal
phase [153]. This is further confirmed by the presence of pre- and post-primary shoulders in the
1D scattering profile, indexed in Figure I-3 in Appendix I, which provide further evidence that
the pre-polymerized mesophase observed for sample III is an HM/HPL structure. Despite this, as
can be seen in Figure 5-3 (III-AP), upon polymerization sample III adopts a purely hexagonal
morphology.
Lattice parameters and apolar domain sizes for lamellar and hexagonal mesophases both before
and after polymerization are calculated according to Chapter 2 and are presented in Table 5-2. It
can be seen that lattice parameter increases upon polymerization. From the scattering profiles,
the pore size of the mesophase-templated polymers can be determined using Bragg’s law.
To calculate membrane pore size, we assume that the pores constitute the space left vacant by the
removal of the water. The volume fraction of water, 𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , in the polar domain of lamellar and
hexagonal mesophases are reported in Table 5-2. Similar to the SAXS parameter calculations
provided in Chapter 2, the height of the rectangular pores in the lamellar samples, 𝐻𝐻P,lam , and the
diameter of cylindrical pores in the hexagonal samples, 𝐷𝐷P,hex , can thus be calculated as follows:
𝐻𝐻P,lam = 𝜑𝜑𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 𝑑𝑑
√3

(5-3)

1/2

(5-4)

𝐷𝐷P,hex = 𝑎𝑎 �2𝜋𝜋 𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �

As shown in Table 5-2, all samples were found to have a pore size of less than 5 nm.
Table 5-2. Calculated parameters for lamellar and hexagonal mesophases before polymerization (BP) and
after polymerization (AP).
Sample

Structure

I
II
III
IV

Lamellar
Lamellar
Hexagonal
Hexagonal

𝜙𝜙

0.48
0.46
0.68
0.64

𝑑𝑑 or 𝑎𝑎 (nm)
BP
AP
0.5
0.2
0.4
0.8
0.4
0.7
0.2
0.4

𝛿𝛿 or 𝛼𝛼 (nm)
BP
AP
0.1
0.4
0.4
0.6
0.2
0.3
0.8
0.9

𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

0.3
0.36
0.13
0.15

𝜑𝜑𝑚𝑚

0.11
0.16
0.38
0.31

Pore size
(nm)
2.8
2.8
4.0
4.2

As listed in Table 5-2, polymerization results in a modest increase in both the lattice parameter
and apolar domain size. Both decrease and increase in the domain spacing upon polymerization
have been reported in the literature. The former has been explained in terms of a density change
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within the polymerized region [118], whereas the latter is attributed to changes in the original
LLC structure [154]. We attribute the observed increase in the domain size to a competition
between thermodynamics and kinetics. On one hand, as the polymerization proceeds, the
molecular weight of the oil phase and consequently, 𝜒𝜒𝜒𝜒, a measure of the enthalpic penalty of
mixing, approach infinity. This dramatic increase in the enthalpic penalty can overcome the
entropic contribution to free energy, driving the system toward phase separation, leading to an
increase in the domain size. Changes in the surface energy of the polymerizing phase can also
lead to a phase transition or inversion in the self-assembled structure. On the other hand, in our
system, the polymerization results in a density increase (shrinkage with ∆𝜌𝜌~10%). Since
crosslinking arrests molecular rearrangement, trapping the structure in a non-equilibrium
morphology can be achieved if the ordering kinetics are slower than the reaction kinetics [155].
As such, the reaction kinetics and crosslinker content are of critical importance for limiting
polymerization induced phase inversion/transition. Additionally, this explains the observed
transition from an HM/HPL morphology to a hexagonal one. As shown in Table 5-2, expansion
of the lattice parameter and apolar domain size is less significant when the monomer volume
fraction increases. We attribute this to a higher shrinkage of the oil phase upon polymerization
since the volume reduction is directly proportional to the overall concentration of the oil phase.
In contrast to the above discussion, a slight decrease or increase in the domain size with
increasing temperature has been observed for the unpolymerized mesophases [156]. It should be
noted that this behavior is representative of the equilibrium self-assembly and not the
morphology induced by the polymerization described above. Despite this, it is evident from
Figure I-4 (see Appendix I), which displays 1D SAXS profiles as a function of temperature for
sample I, that the mesostructure appears stable during the temperature sweep and does not
exhibit thermally induced phase separation (the measurement duration is shorter than time
required for polymerization). The observed decrease in the principal scattering vector with
increasing temperature suggests that the increase in domain size can be attributed to a change in
the surface energy of the polymerizing phase. Additionally, this result provides evidence that the
employed thermal initiation process should not have a significant effect on the nanoscale
structure of the membrane. The limited morphological changes observed by SAXS and polarized
light microscopy suggest that the wide stability window of the studied mesophases and rapid
arrestment of morphological changes through crosslinking make this process fairly robust. This
is a significant finding as, for many of the systems described in the literature, elimination of
polymerization induced phase separation generally requires the use of polymerizable surfactants
[19]. The method presented in this paper is both scalable and flexible, utilizing a commercially
available surfactant. Additionally, monomer chemistry and surfactant are easily adaptable,
enabling production of membranes tailored in terms of surface chemistry and pore size.
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5.3.2 Membrane performance
The permeabilities and flow rates through each membrane are tabulated in Table 5-3. Both the
lamellar and hexagonal membranes are found to have higher permeabilities than the commercial
membrane, with the lamellar membranes displaying the highest permeabilities despite a smaller
characteristic pore size. We believe that the geometry of the nanostructure plays a critical role in
the flow properties of the membranes. While lamellar mesophases impose 1D flow confinement
(slit shaped channel), the flow in hexagonal structures is confined in 2D (cylindrical channels).
Because 1D confinement provides more degrees of freedom for the fluid flow than 2D
confinement, the higher permeability of lamellar membranes is expected.
Tortuosity, 𝑇𝑇, is defined as the ratio of effective path for water flow, 𝑙𝑙e , to the thickness of the
membrane, 𝑙𝑙:

(5-5)

𝑇𝑇 = 𝑙𝑙e ⁄𝑙𝑙

For randomly oriented lamellar and hexagonal channels, the tortuosity has been calculated as 1.5
and 3, respectively [157, 158]; whereas it is equal to 1 for perfectly aligned channels.

Table 5-3. Flow rate, normalized permeability, BSA rejection, and tortuosity of as-synthesized lamellar
and hexagonal membranes compared to a commercial one.

L/hr
10-10 L/m2
%

Commercial
membranea
0.12±0.01
1.47±0.01
<68%

Membrane
I
0.25±0.01
3.05±0.01
>95%

Membrane
II
0.24±0.02
2.97±0.01
>95%

Membrane
III
0.21±0.03
2.60±0.01
>95%

Membrane
IV
0.22±0.01
2.69±0.01
>95%

%

90%

>99%

>99%

>99%

>99%

10-7m

N/A

6.3 ± 0.30

7.70 ± 0.7

(7.6 ± 1.2)×10−1

1.1 ± 0.1

Parameter

Unit

Q
κ/l
BSA rejection
Direct Red 23
rejection
Tortuous (effective)
path length
a The

commercial membrane was a GE, PT8040F30.

We can determine the tortuosity of membranes and shed light on the flux differences observed
between lamellar and hexagonal mesophases. The permeation of water through lamellar and
hexagonal channels is considered as water flow through a slit and a tube, respectively. Their
corresponding volumetric flow rates are defined as follows:
𝑄𝑄e,lam =
𝑄𝑄e,hex =

∆𝑃𝑃 𝐻𝐻P,lam 3 𝑊𝑊

(5-6)

12 𝜇𝜇 𝑙𝑙e

𝜋𝜋 ∆𝑃𝑃 𝐷𝐷P,hex 4

(5-7)

128 𝜇𝜇 𝑙𝑙e
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where 𝑄𝑄e,lam and 𝑄𝑄e,hex are the volumetric flow rates for one channel in lamellar and hexagonal
membranes with pore sizes of 𝐻𝐻P,lam and 𝐷𝐷P,hex , respectively. ∆𝑃𝑃, 𝜇𝜇, and 𝑊𝑊 are the pressure
difference along the membrane thickness, water viscosity, and lamellar(hexagonal) grain size
(∼0.1 μm, this estimate will be discussed later), respectively. 𝑄𝑄e,lam and 𝑄𝑄e,hex are calculated by
dividing the total measured volumetric flow rates from Table 5-3 by the number of channels per
membrane surface, 𝑁𝑁𝑚𝑚 . For the lamellar and hexagonal structures, the number of channels per
membrane surface area are calculated as follows:
𝐴𝐴

(5-8)

𝑚𝑚
𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑊𝑊𝑊𝑊

𝑁𝑁ℎ𝑒𝑒𝑒𝑒 =

2𝐴𝐴𝑚𝑚

(5-9)

√3𝑎𝑎2

Note that this calculation assumes all channels are oriented, whereas in reality some channels
may be laying perpendicular to the surface. Effective path values for each membrane has been
calculated in Table 5-3. At the same membrane thickness, the higher the effective path, the
higher the tortuosity value. It can be seen that, despite exhibiting higher flow rates than their
hexagonal counterparts (III & IV), the lamellar membranes (I& II) displayed a more tortuous
path. This observation can be attributed to the difference in flow geometry.
Using the measured membrane thickness (~210 μm), the tortuosity of the lamellar and hexagonal
membranes can be calculated. Our results are listed in Table 5-3. Mesophase orientations for
samples III and IV were found to be approximately random with a tortuosity close to 3.
However, for samples I and II, the orientation is not random.
Grain boundaries in ordered phases can lead to dead-end pores and restrict flow, affecting the
tortuosity, as shown schematically in Figure 5-4. In fact, single units of each mesophase stack
and may orient in different directions to form the ultimate structure. Using the Scherrer relation,
5.56
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝑞𝑞 [159, 160], we estimate the grain size across samples to be ∼0.1 μm based on

the full-width at half-maximum (FWHM) of the principal scattering peak (𝑞𝑞 ∗ ). It should be noted
that this calculation neglects the effects of polycrystallinity, temperature, and strain on the
FWHM. Therefore, the grain size is likely underestimated in our calculation. Nonetheless, this
calculation allows us to estimate that the membranes have on the order of 100 grains across the
thickness of the membrane. In polymer blends containing ion-conducting domains, Irwin and
others [157] showed that two out of three grain boundary orientations in lamellar structures are
effective for ion diffusion, while just one out of three cylinder orientations in hexagonal
structures is efficient. As such, the lower fluxes observed for the hexagonal mesophases over
their lamellar counterparts can be rationalized by the higher probability of dead-ends at grain
boundaries in hexagonal mesophases. Further, these results suggest that increasing the grain size
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relative to the membrane thickness, which can be accomplished via shear, thermal annealing, or
mere reduction of the membrane thickness, could improve the permeability of our membranes
even further.
dead-end pore

open pore

Figure 5-4. Schematic representation of grain boundaries that can lead to open or dead-end pores.

To evaluate membrane separation performance, dead-end stirred cell filtration is performed with
a 1 mg/mL BSA and direct red 23 (DR23) dye as feed solutions. UV-Vis results for the feed and
permeate of commercial, lamellar (I), and hexagonal (III) membranes with a BSA feed solution
are shown in Figure I-5a (Appendix I). A calibration curve for absorbance as a function of BSA
concentration, shown in Figure I-5b (Appendix I) is determined and used to calculate the
concentration of BSA in each stream [161]. The minimum detectable concentration of BSA
through this method is 0.05 mg/mL. It can be seen that neither I or III permeates display a
noticeable peak at 280 nm. As a result, it can be concluded that BSA concentration in the
permeates of these two membranes is less than 0.05 mg/mL. Therefore, BSA rejection for both
lamellar and hexagonal membranes is greater than 95%. In contrast, the commercial NIPS
membrane only displayed 68% BSA rejection.
DR23 has a characteristic peak at 507 nm and UV-Vis is a good method to measure its
concentration in solvents. Results show our membranes reject more than 99% of dye, while
commercial membrane’s rejection was only 90%. Figure I-6 in Appendix I, shows the
photographs of feed and permeates, where superior performance of as-synthesized membranes is
obvious.
Additionally, the fouling resistance of lamellar (I) and hexagonal (III) membranes is measured
and compared with the commercial membrane. Macromolecules and proteins are two of the
primary foulants encountered in water filtration. As such, we used 1 mg/mL BSA and 1 mg/mL
PEG300 solutions in DI water as foulants. Flux decline curves are shown in Figure 5-5. Our
results show that the flux declines slightly (only 6%) over 12 h for lamellar and hexagonal
membranes, while there is a significant flux decline (89%) observed for the commercial
membrane. These results indicate that, despite their small pore size (< 5 nm), our membranes
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display a superior fouling resistance (even in a dead-end configuration) when compared to a
conventional NIPS UF membrane. We attribute this improvement to the consistent pore structure
throughout our membranes as well as the hydrophilicity of the Pluronic PEO blocks decorating
them, which is in stark contrast to the anisotropic structure of NIPS membranes. This anisotropy
as well as the low surface porosity of NIPS membranes results in reduced fouling resistance. The
fouling resistance of our membranes is further enhanced by the hydrophilicity of the pore
surfaces, due to retained Pluronic chains. Additionally, the similarity between the flux decay
profiles for both BSA and PEG300 is striking considering BSA was found to be completely
rejected, while the PEG300 was found to pass through the membrane (as will be discussed). This
can be attributed in part to the high stirring rate used during these experiments, which prevented
a substantial over-layer of BSA from forming. However, the stark contrast between our
membranes and the commercial membrane suggests, as noted above, that the high fouling
resistance of our membrane also contributed. As can be seen in Figure 5-5, the flux for BSA is
higher than that of PEG300. This is due to the size and shape of the solute molecules.
(a)

(b)

Figure 5-5. Filtration of (a) 1 mg/mL BSA and (b) 1 mg/mL PEG300 solutions through lamellar (I),
hexagonal (III), and commercial membranes. Error bars indicate the standard deviation of three
measurements.

Figure 5-6 shows the MWCO graphs for lamellar and hexagonal membranes. In both cases, the
rejection values for Mw=1500 g/mol are greater than 89.5%, thus, the MWCO is ~1500 g/mol.
PEG Stokes radius, 𝑎𝑎Stokes (nm), can be calculated as follows [162]:
𝑎𝑎Stokes = 16.73 × 10−10 M𝑤𝑤 0.557

(5-10)

where M𝑤𝑤 is the molecular weight of PEG. For M𝑤𝑤 =1500 g/mol, PEG diameter is 1.96 nm,
which is close to the pore size of the membranes calculated in Table 5-2. This suggests that, as
we assumed in our calculations, the block copolymer is retained in the pores. The modest
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difference between the calculated pore size and the separable solute size can be attributed in part
to the assumption in our calculations that the phases were completely segregated.
(a)

(b)

Figure 5-6. MWCO curve for as-synthesized membranes using TOC method, (a) lamellar membrane
(sample I), (b) hexagonal membrane (sample III).

5.4 Using functional monomers for making antibacterial membranes
In the previous sections, we have shown that self-assembled block copolymers can be used as
templates to produce UF membranes with improved permeability over conventional ones [42]. In
addition, the methodology provides a more eco-friendly alternative to current membrane
fabrication methods, which require organic solvents [10]. Concentration polarization and biofouling are two critical problems found in membrane filtration systems [163]. Bio-fouling is a
consequence of the presence of proteins, bacteria, and viruses in water and wastewater sources
[163]. Currently, chlorination is utilized in municipal water systems to remove tiny
microorganisms and bacteria [163]. However, harmful disinfection byproducts produced during
the chlorination process have raised concerns and motivated exploration of other disinfection
agents [164]. Therefore, if combined with disinfection, ultrafiltration and microfiltration can
transform not only the municipal water treatment, but also the treatment of wastewater
containing harmful microorganisms and bacteria due to their high flux rate and efficiency. In
recent years, antibacterial membranes have made their way to industry for the removal of
bacteria and microorganisms from water [165, 166]. Conventionally, antibacterial membranes
are prepared through surface modification, but most surface modification routes are limited to
specific types of membranes. Furthermore, these routes require the use of complex and often
expensive chemical reactions to graft antibacterial groups onto the surface, making the final
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product costly. We are proposing in-situ synthesis of antibacterial UF and MF membranes from
functionalized monomers via templates of self-assembled block copolymers.
Different studies have shown that quaternary ammonium groups, like trimethylammonium
chloride, are successful in killing bacteria such as Escherichia coli (E. coli) [167]. Presence of
quaternary ammonium groups on the surface and in the bulk has been shown to make final
membranes antibacterial [168]. Figure 5-7 schematically shows the antibacterial membranes
produced though the templating approach. Self-assembly of Pluronic block copolymers with
different block ratios in the presence of [2-(acryloyloxy) ethyl] trimethylammonium chloride or
(3-acrylamidopropyl) trimethylammonium chloride (APAC) and a crosslinker will yield different
mesostructures with different channel sizes, which will then be cast as thin films on a support
and polymerized (as discussed in Section 5.2.4) to produce antibacterial membranes.
O
H2C

CH3
O

CH3

N+ CH3
Cl-

H

CH3

O
X

[2-(acryloyloxy) ethyl] trimethylammonium chloride

O

O
Y

OH
X

Pluronic block copolymer
Self-assembly

Polymerization

NH3+ Cl- E coli
Live E coli
Dead E coli

Antibacterial membrane

Figure 5-7. Schematic illustration of antibacterial membranes made through self-assembly using a
functional monomer.

5.4.1 Materials and formulation design
Pluronic L64 is used as the surfactant. DI water is used as the aqueous phase. [2-(acryloyloxy)
ethyl] trimethylammonium chloride (AEAC, 80 wt.% solution in water, Sigma-Aldrich) is used
as a hydrophilic monomer. Diallylamine (DMA, 99%, Sigma-Aldrich), ethylene
glycol dimethacrylate (EGDMA, purified, Electron Microscopy Sciences), and poly(ethylene
glycol)-diacrylate (PEGDA, Mn=250 g/mol, Sigma-Aldrich) are used as three
potential crosslinkers. Potassium persulfate (KPS, Fisher Scientific) is used as the thermal
initiator. In some samples, an oil phase is added to increase the mechanical properties of the
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membranes. Specifically, butyl acrylate (99%, Sigma-Aldrich) is used as the hydrophobic
monomer and EGDMA is used as a crosslinker in the oil phase.
Six different compositions, shown in Table 5-4, are chosen based on the lamellar regions of a
similar phase diagram developed by Alexandridis and others [116].
Table 5-4. Composition of the samples used for the synthesis of antibacterial membranes.
Membrane

Composition
(wt%)a,b

Aqueous
phase
crosslinkerc

Oil phased

HD1

L64/Water (50/50)

DMA

NA

HD2

L64/Water (50/50)

PEGDA

NA

HD3

L64/Water (50/50)

EGDMA

NA

HD4

L64/Water/Oil (50/35/15)

DMA

BA+EGDMA

HD5

L64/Water/Oil (50/35/15)

PEGDA

BA+EGDMA

HD6

L64/Water/Oil (50/35/15)

EGDMA

BA+EGDMA

a

50wt% AEAC is used as the monomer in the aqueous phase.

b

KPS (5 wt% of the AEAC) is used as the initiator in all samples.

c

50 wt% of the aqueous phase monomer.

d

Oil phase consist of BA and EGDMA (33wt% of the BA) in all samples.

After making the mesophases, we keep them in a refrigerator for a few days to make sure they
are in equilibrium. We realized that membranes HD2 and HD5 are polymerized without applying
any heat. Apparently, the presence of PEGDA in both samples stimulates the polymerization
reaction to occur even at very low temperatures (~5 °C). We use a microfiltration membrane
(Millipore, EIMF22205) as the support for membranes.
5.4.2 SAXS analysis
SAXS results for samples HD1, HD3, and HD4 are presented in Appendix I. Table 5-5 shows
the calculated SAXS parameters and estimated pore sizes for membranes made with samples
HD1, HD3, and HD4.
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Table 5-5. Calculated parameters for lamellar and hexagonal mesophases before polymerization (BP) and
after polymerization (AP).
Sample

Structure

HD1
HD3
HD4

Lamellar
Lamellar
Hexagonal

𝜙𝜙

0.55
0.54
0.45

𝑑𝑑 or 𝑎𝑎 (nm)
BP
AP
6.9
7.3
7.4
7.5
9.3
9.5

𝛿𝛿 or 𝑅𝑅 (nm)
BP
AP
3.8
4.0
4.0
4.1
3.2
3.3

𝜑𝜑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

0.26
0.26
0.36

Pore size
(nm)
1.9
2.0
3.0

5.4.3 Membrane performance
Membranes are made by coating the mesophases on a support layer as explained in Section 5.2.4.
Permeability of the membranes is shown in Table 5-6. It can be seen that all as-synthesized
membranes have a lower flow rate compared to the support, which was expected. The
permeability has a direct relationship with the pore size and also the shape of the pores as
explained in the previous sections.
Table 5-6. Flow rate, normalized permeability, and BSA rejection of as-synthesized lamellar membranes
compared to commercial one.
Parameter

Support

Membrane
HD1

Membrane
HD3

Membrane
HD4

Membrane
HD5

Qm (L/h)

0.31±0.01

0.24±0.01

0.27±0.02

0.25±0.03

0.26±0.01

κ/l (10-13 L/m2)
BSA rejection (%)

3.93±0.01
<60%

3.0±0.01
>95%

3.42±0.01
>95%

3.17±0.01
>95%

3.30±0.01
>95%

BSA is used as solute for the rejection test. As shown in Table 5-5, rejection values for the assynthesized membranes are exceptional and higher than that of the support.
5.4.4 Antibacterial properties of the membranes
To test the antibacterial properties of the samples, we use the E. coli Count test using 3M
PetriFilm E. coli counter. To prepare the samples, as-synthesized membranes are kept in contact
with the water sample (containing E. coli) for one hour. Then, a drop of water sample is
transferred to the middle of Petrifilms. The control sample is the water sample without any
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contact with membranes. Different dilutions of water are used as shown in Figure I-10 (see
Appendix I).
All Petrifilm samples are kept in an incubator at 35°C for 48 hours. In order to inoculate the
Petrifilms, several steps are followed precisely: (1) the Petrifilm plate is placed on a level
surface; (2) the top film is lifted; (3) the sample is measured using a micropipette, and with the
pipette perpendicular to Petrifilm plate, 1 or 0.1 ml of sample is placed onto the center of the
bottom film; (4) the top film is carefully rolled down to avoid trapping air bubbles; (5) with flat
side down, a spreader is placed on the top film over inoculum; (6) pressure is applied gently on
the spreader to distribute it over circular area; (7) the spreader is lifted and the gel is given at
least one minute to solidify; and (8) plates are incubated with clear side up.
After 48 h of incubation, we need to count the number of colonies in each Petrifilm using a standard
colony counter. Table 5-6 shows the number of colonies in each sample.
Table 5-7. Number of the colonies in each sample after 48 h of incubation.
Sample
1:1 (control)
1:10 (control)
1:1000 (control)
1:10,000 (control)
1:100,000 (control)
1:1 (membrane HD1)
1:10 (membrane HD1)
1:100 (membrane HD1)
1:1000 (membrane HD1)
1:10,000 (membrane HD1)
1:100,000 (membrane HD1)

# of colonies
560
310
100
30
2
2
0
0
0
0
0

Typical digital images of the Petrifilms after incubation are shown in Figure 5-8, where we can
see almost no growth of bacteria colonies on the samples that were in contact with assynthesized membranes.
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(a)

(b)

(c)

(d)

Figure 5-8. Typical digital images of the Petrifilms after 48 hr of incubation. (a) 1:1 dilution and in
contact with membrane, (b) 1:10 dilution and in contact with membrane, (c)1:1 dilution of control sample,
(d) 1:10 dilution of control sample.

These preliminary results show that the E. coli bacteria do not survive in the water sample next
to as-synthesized membranes, and no colony growth is observed.

5.5 Conclusion
Self-assembled mesostructures of a surfactant in the presence of water and oil have been used as
templates for the production of UF membranes without the need for organic solvent. Crosspolarized light microscopy and SAXS confirm the retention of hexagonal and lamellar
mesophases after polymerization for most samples, with only a modest transition from a
HM/HPL to a hexagonal morphology observed for samples with Pluronic/water/oil 60/15/25
composition. As-synthesized membranes were found to have excellent permeability with
operational permeabilities double that of a commercial NIPS UF membrane. Additionally, the
membranes exhibited MWCO of 1500 g/mol with exceptional rejection performance, namely
>95% of BSA and >99% of DR23 in a 1 mg/mL feed. Notably, the flux decline observed for
both lamellar and hexagonal membranes with 1 mg/mL BSA and PEG300 solutions over 12 h is
minimal, indicating substantial fouling resistance. Consequently, it can be concluded that
membranes produced via our approach significantly outperform the commercial NIPS UF
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membrane used in this study. As such, these results confirm that mesophase-templated
membranes could provide an eco-friendly and more effective alternative to conventional NIPS
UF membranes.
A series of antibacterial membranes have been made using AEAC as a functional monomer. Our
preliminary results show that as-synthesized membranes have an exceptional BSA rejection of
>95%. Antibacterial properties of the membranes were evaluated using the E. coli Count test,
and our results prove that no bacterial colony can grow in the presence of quaternary ammonium
groups. More tests are expected to be done on flux retention and antibacterial performance of the
membranes as part of planned future work (see below in the concluding section).
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Chapter 6: Conclusions and Future Work
6.1 Summary
Self-assembly of amphiphilic block copolymers in oil/water mixture provides a flexible system
to design different types of structures at a constant temperature and even at a constant block
copolymer ratio. Self-assembled structures of interest for this specific research are micellar
cubic, lamellar, normal, and reverse hexagonal systems, also known as mesophases.
This report provides a comprehensive study on the rheological behavior of such systems. Flow
behavior of lamellar and hexagonal mesophases indicates that they have yield stress. Oscillatory
shear experiments show that mesophases have solid-like behavior and exhibit type III non-linear
behavior. The elastic moduli of mesophases is controlled by the van der Waals interaction
between micelles. We suggest that at relatively low frequencies, defects control the rheological
behavior of LLCs, while at high frequencies the contributions in micellar scale are dominant.
Applying high strains on the LLCs induces two relaxation times after cessation of flow,
decreases the elastic modulus in the whole frequency range, and decreases the loss modulus in
the low frequency regime with negligible effect at high frequencies. The decrease in moduli is
reversible and the system relaxes back to its original elastic modulus at rest. The observed
behavior can be attributed to the elimination of defects under high strains and their re-formation
during long enough rest times.
Chemorheology is used to describe the kinetics of thermal polymerization in nanoconfined
domains of LLC templates at different temperatures. We investigated lamellar and reverse
hexagonal LLC phases with the same concentration of monomeric phase. Results showed that
the mesophase structures remain intact during thermal polymerization with very slight changes in
the domain size. The polymerization rate decreases in the nanoconfined structure compared to
the bulk state due to the segregation effect that increases the local monomer concentration and
enhances the termination rate. Additionally, the polymerization rate is faster in the studied
reverse hexagonal systems compared to the lamellar ones due to their lower degree of
confinement. A higher degree of confinement also induces a lower monomer conversion.
Differential scanning calorimetry confirms the obtained results from chemorheology.
We present the self-assembly of Pluronic block copolymers in the presence of water and a
monomeric phase as a new technique for the preparation of UF membranes without the need for
organic solvent or post-modification. Different compositions of block copolymer, water, and
monomer were polymerized to obtain both hexagonal and lamellar mesostructures, as indicated
by SAXS and cross-polarized light microscopy. As-synthesized membranes were found to have
molecular weight cutoff of 1500 g/mol, pore sizes in the range of 3-4 nm, and to exhibit both
excellent fouling resistance and high permeance of water, vastly outperforming a conventional
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NIPS UF membrane. Further, in contrast to NIPS, the proposed method provides flexibility in
terms of both the final membrane chemistry and pore size. As such, it is a versatile approach that
can be easily tailored to produce membranes for a wide range of applications including
wastewater treatment and food processing. Antibacterial membranes are made using a functional
monomer containing quaternary ammonium. The results show that as-synthesized membrane has
an exceptional BSA rejection of >95%. Antibacterial properties of the membranes are evaluated
using the E. coli Count test. Our result proves that no bacterial colony can grow in the presence
of quaternary ammonium groups.

6.2 Future work
While significant progress was made in this study toward understanding the viscoelastic
properties of mesophases, flow curve behavior of mesophases, the effect of confinement on the
polymerization kinetics, and the design criteria for incorporating a templating approach for
making a mesoporous polymer without changing the structure of the initial template, some
questions remain unanswered.
Specifically, the impact of shear and oscillation flow fields on the structure of lamellar and
micellar cubic phases could provide helpful information for designing the unit operation and
processability of mesophases for making mesoporous polymers for different applications.
Additionally, velocimetry techniques for confirming the observed probable shear banding in
mesophases would be beneficial.
Different types of polymerization reactions such as reversible addition-fragmentation chaintransfer (RAFT) in mesophases can be used to synthesize polymers or block copolymers with
controllable chain length and molecular weight in the nanoconfinement scale for advanced
functional materials.
Finally, additional experiments should be done on antibacterial membranes to characterize them
in term of flux retention, antifouling properties, and antibacterial performance.
Detailed procedures suggested as future works are presented in Appendix J.
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Appendix A: Properties of Pluronic Block Copolymers
Figure A-1 shows the chemical structure of a typical Pluronic block copolymer. Variation of
copolymer composition (PPO/PEO ratio) and molecular weight (PEO and PPO block length)
during synthesis leads to the production of molecules with optimum properties that meet the
specific requirements in various areas of technological significance [169].
CH3
H

O

O

O

X
X
hydrophilic
PEO

Z
X

Y
Y

hydrophobic
PPO

OH

hydrophilic
PEO

Figure A-1. Chemical structure and schematic representation of a Pluronic block copolymer. X and Y
show the degree of polymerization of each blocks.

The Pluronic block copolymers are available in a range of molecular weights and PPO/PEO
composition ratios, with a relatively low price (comparable to small molecule surfactants), low
toxicity, and stability over a wide pH range [60, 170]. The notation for the Pluronic triblock
copolymers starts with the letters L (for liquid), P (for paste), or F (for flakes) followed by a
number. The first one or two numbers are codes for the molecular weight of the PPO block, and
the last number signifies the weight fraction of the PEO block [169]. For example, Pluronic F127
and Pluronic L121, have the same molecular weight of PPO, but F127 has 70 wt% PEO and
L121 has 10 wt% PEO. Figure A-2 shows a diagram of different commercially available
Pluronic block copolymers as a function of PPO molecular weight and PEO wt%.
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Figure A-2. Pluronic block copolymer grid as a function of PPO molecular weight and PEO wt%,
retrieved from [171].

In the presence of water or in ternary systems with water and oil, Pluronic block copolymers can
self-assemble into lyotropic liquid crystalline structures, also known as mesophases [172, 173].
Alexandridis and others [105, 169, 174] initiated comprehensive studies on the phase behavior
and microstructure of ternary systems consisting of an amphiphilic Pluronic block copolymer
and two solvents, one (water) selective for the PEO blocks and another (oil) selective for the
PPO block. A rich structural polymorphism has been observed in such ternary
copolymer/water/oil systems, with the block copolymer molecules self-assembling to form
micro-domains with spherical, cylindrical, or lamellar geometry, discrete or interconnected
topology, and liquid-crystalline organization [45, 116, 175]. Figure A-3 shows the phase diagram
of Pluronic L64, Pluronic L121, and Pluronic P123 block copolymers in two selective solvents.
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Figure A-3. Phase diagram of (a) Pluronic L64 block copolymer in the presence of water and p-xylene,
retrieved from [116]; (b) Pluronic L121 block copolymer in the presence of water and p-xylene, retrieved
from [105]; and (c) Pluronic P123 block copolymer in the presence of water and butanol, retrieved from
[44]. The concentrations are expressed in wt%.
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Appendix B: General Concepts in Rheology
B.1 Hooke’s law for shear forces

Rheology is defined as the study of flow behavior. In shear deformation, Hooke’s law states that
the shear stress (𝜎𝜎) and shear strain (𝛾𝛾) are proportional and the constant of proportionality is the
shear elastic modulus (𝐺𝐺) as follows:
𝐺𝐺 =

𝜎𝜎

(B-1)

𝛾𝛾

B.2 Viscosity

When shear stress is applied to a fluid, momentum is transferred, and the shear stress is
equivalent to the rate of momentum transferred to the upper layer of the fluid. The coefficient of
proportionality between the shear stress and shear rate (𝛾𝛾̇ ) is defined as the shear viscosity or
dynamic viscosity (𝜂𝜂), which is a quantitative measure of the internal fluid friction and is
associated with damping or loss of kinetic energy in the system, as follows:
𝜂𝜂 =

𝜎𝜎

(B-2)

𝛾𝛾̇

B.3 Shear thinning and shear thickening fluids

In Newtonian fluids, the shear stress is linearly related to the shear rate, and the viscosity is
independent of shear rate. In contrast, the viscosity of non-Newtonian fluids is a function of
shear rate. The most common type of non-Newtonian behavior is shear thinning or pseudoplastic
flow, in which the fluid viscosity decreases with increasing shear. Ketchup, mayonnaise, lotions,
and creams are examples of shear thinning materials. In shear thickening materials, the viscosity
increases with shear rate. Heavy whipping cream and cornstarch are examples of shear
thickening materials. Figure B-1 shows the Newtonian, shear thinning, and shear thickening
behavior of fluids.
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Figure B-1. Schematic illustration of Newtonian, Bingham plastic, shear thinning, and shear thickening
fluids in (a) stress versus shear rate and (b) viscosity versus shear rate graphs.
B.4 Yield stress

Many shear thinning fluids can be considered to have both liquid- and solid-like properties and
show a property similar to Bingham plastic shown in Figure B-1. At rest, these fluids are able to
form intermolecular or interparticle networks. The presence of a network structure gives the
material predominantly solid-like characteristics associated with elasticity, which is associated
with the yield stress denoted by 𝜎𝜎𝑦𝑦 [176]. If an external stress is applied that is less than the yield
stress, the material will deform elastically. However, when the external stress exceeds the yield
stress, the network structure will collapse, and the material will begin to flow like a liquid.
B.5 Viscoelasticity

As the name implies, viscoelasticity describes materials that show a behavior between a liquid
(viscous) and a solid (elastic). In purely elastic materials (Hookean solids), the response to a
sinusoidal deformation is purely elastic, where the applied stress and response strain are in one
phase (with the phase angle of 0°, see Figure B-2a). Newtonian liquids are purely viscous, where
the applied stress and response strain are out of phase (with the phase angle of 90°) as shown in
Figure B-2b. Viscoelastic materials show a viscoelastic response, where the phase angle is
between 0° and 90° as shown in Figure B-2c.
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Figure B-2. Response of (a) purely elastic, (b) purely viscous, and (c) viscoelastic materials to
deformation.

Applying an oscillatory shear strain, the strain and strain rate can be calculated as follows:
(B-3)

𝛾𝛾(𝑡𝑡) = 𝛾𝛾0 sin 𝜔𝜔𝜔𝜔

𝛾𝛾̇ (𝑡𝑡) = 𝜔𝜔𝛾𝛾0 cos 𝜔𝜔𝜔𝜔

(B-4)

𝜎𝜎(𝑡𝑡) = 𝜎𝜎0 sin[𝜔𝜔𝜔𝜔 + 𝛿𝛿]

(B-5)

where 𝛾𝛾0 is the maximum deformation, 𝜔𝜔 is the angular frequency, and 𝑡𝑡 is the time. Given
viscoelastic materials with phase angle of 𝛿𝛿, the shear stress would be:
We may rewrite the Equation (B-5) as follows:
𝜎𝜎(𝑡𝑡) = 𝜎𝜎0 sin 𝜔𝜔𝜔𝜔 + 𝜎𝜎0 cos 𝜔𝜔𝜔𝜔 sin 𝛿𝛿

(B-6)

𝜎𝜎(𝑡𝑡) = 𝛾𝛾0 𝐺𝐺 ′ sin 𝜔𝜔𝜔𝜔 + 𝛾𝛾0 𝐺𝐺 ′′ cos 𝜔𝜔𝜔𝜔

(B-7)

Equation (B-6) shows that shear stress consists of two parts, one which is in-phase with the
strain, and the other one which is 90° is out-of-phase with the strain. Therefore, the ratio of shear
stress to shear strain is specified by a modulus G', in-phase with the shear strain and a modulus
G'', 90° out-of-phase with the shear strain, as follows:
where,

𝜎𝜎
𝜎𝜎
𝐺𝐺 ′ = � 0�𝛾𝛾0 � cos 𝛿𝛿, 𝐺𝐺 ′′ = � 0�𝛾𝛾0 � sin 𝛿𝛿

(B-8)

Based on the Euler’s formulas, we have:
𝑒𝑒 𝑖𝑖𝑥𝑥 = cos 𝑥𝑥 + 𝑖𝑖 sin 𝑥𝑥, 𝑒𝑒 −𝑖𝑖𝑖𝑖 = cos 𝑥𝑥 − 𝑖𝑖 sin 𝑥𝑥

(B-9)

An input shear strain and the response shear stress can therefore be written as follows:
𝛾𝛾(𝑡𝑡) = 𝛾𝛾0 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖

(B-10)

𝜎𝜎(𝑡𝑡) = 𝜎𝜎0 𝑒𝑒 𝑖𝑖(𝜔𝜔𝜔𝜔+𝛿𝛿)
where, 𝑖𝑖 = √−1.

(B-11)
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Equation (B-11) can be expanded as follows:
𝜎𝜎(𝑡𝑡) = 𝜎𝜎0 (cos 𝛿𝛿 + 𝑖𝑖 sin 𝛿𝛿)𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖

(B-12)

𝜎𝜎(𝑡𝑡) =

(B-13)

Comparing equations (B-8) and (B-12) we have:
𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖
𝛾𝛾0

(𝐺𝐺′ + 𝑖𝑖 𝐺𝐺′′)

We can define a complex modulus, 𝐺𝐺 ∗ as follows:
𝐺𝐺 ∗ = 𝐺𝐺 ′ + 𝑖𝑖𝑖𝑖′′

(B-14)

The elastic (storage) modulus (G') is a measure of the elasticity of material or the ability of the
material to store energy. The viscous (loss) modulus (G'') is a measure of the material’s ability to
dissipate energy.
The viscosity measured in an oscillatory experiment is a complex viscosity (𝜂𝜂∗ ) similar to the
way the modulus can be expressed as the complex modulus. 𝜂𝜂∗ is correlated to G* as follows:
𝜂𝜂∗ =

𝐺𝐺 ∗

(B-15)

𝜔𝜔

where 𝜔𝜔 is the angular frequency of deformation.

Relaxation time is the characteristic time associated with large-scale motion in the structure of
materials, denoted by 𝜏𝜏, and is defined by the ratio of viscosity to elastic modulus (G) as follows:
𝜂𝜂

(B-16)

𝜏𝜏 = 𝐺𝐺

Polymer solutions can possess a spectrum of relaxation times, related to relaxation processes
occurring within and outside the chain itself [177]. Thus, polymers usually have a relaxation time
spectra where different relaxation times arise from the multiple relaxation processes occurring on
the single subchains, as well as those related to the entire chain, are present [177].
Figure B-3 shows the general response of materials in a frequency sweep test. Four different
regions (behaviors) can be distinguished. In the terminal (or viscous) region, the period of
oscillation is too long and materials behave like a liquid, G'' > G'. In the rubbery plateau region,
the contribution of elasticity is higher and G' > G''. The crossover point indicates the transition
from the terminal to the rubbery plateau region and corresponds to the longest relaxation time of
the system [83]. In the transition region, the period of the oscillation is too short to allow for
complete rearrangement of the polymer chains and G'' > G'. In the glassy region, material is
trapped in a glass state and no configurational rearrangement occurs. In this region, stress
response to a given strain is very high.
73

Rubbery plateau Transition
region
region

Glassy
region

G', G''

Terminal
region

G'
G''

Frequency

Figure B-3. Schematic illustration of the general material response in a frequency sweep test.
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Appendix C: Physical Properties of Pluronic Block Used in This Study
The physical properties of the Pluronics provided by the manufacturer are summarized in Table
C-1.
Table C-1. Physical properties of the Pluronics provided by the manufacturer.

Pluronic
EO repeating unit
PO repeating unit
Mw (g/mol)
PEO fraction (wt%)
Density (g/cm3)

L64
13
30
2900
40
1.05

P84
19
43
4200
40
1.045

L121
5
68
4400
10
1.03

P123
20
70
5750
30
1.05

The above stated densities are used in calculating volume fractions from weight fractions.
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Appendix D: Calculating lattice parameters from SAXS data
Figure D-1 shows the typical SAXS patterns for different mesophase structures.
(a)

(b)

(c)

Figure D-1. Typical SAXS patterns for different mesophase structures. (a) lamellar mesophases show
1:2:3:4… relative peak positions, (b) hexagonal mesophases show 1:√3:2:√7: relative peak positions, (c)
BCC mesophases show 1:√2:2:√6… relative peak positions.

From the scattering profiles, the lattice parameters of the mesophases polymers can be
determined using Bragg’s law. Bragg’s law is as follows:
(D-1)

2𝑑𝑑 sin 𝜃𝜃 = 𝑛𝑛𝑛𝑛

where 𝜆𝜆 is the X-ray wavelength, θ is the scattering angle, 𝑛𝑛 is the order of reflection (taken as 1
for the principal scattering vector, 𝑞𝑞 ∗ ), and 𝑑𝑑 is the lattice parameter [44]. The magnitude of the
scattering vector, 𝑞𝑞, is:
𝑞𝑞 =

4𝜋𝜋 sin 𝜃𝜃

(D-2)

𝜆𝜆

For a lamellar structure, the lattice parameter, 𝑑𝑑, also known as the lamellar periodicity, can thus
be defined as follows:
𝑑𝑑 =

2𝜋𝜋

(D-3)

𝑞𝑞 ∗

For hexagonal mesophases, the lattice parameter, 𝑎𝑎, which is equal to the distance between the
centers of adjacent cylinders, can be calculated as [43]:
𝑎𝑎 =

4𝜋𝜋

√3𝑞𝑞 ∗

(D-4)
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In the case of the micellar cubic mesophase, the first four Bragg peaks identified from SAXS
data in Figure D-1a are indexed as 110, 200, 211, and 220 [178]. The slope of the line passing
1
through the origin of the 𝑑𝑑 versus (ℎ2 + 𝑙𝑙 2 + 𝑘𝑘 2 )1/2, is equal to the reciprocal of the lattice
1

parameter, 𝑑𝑑 [43, 179].
𝐶𝐶

ℎ𝑙𝑙𝑙𝑙

We can define the apolar domain volume fraction, 𝜙𝜙, as the volume fraction of the oil phase and
the PPO block, and the polar domain volume fraction, 1 − 𝜙𝜙, as the volume fraction of water and
the PEO block. Knowing the lattice parameter and volume fractions, the thickness of the apolar
domain in the lamellar mesophases (𝛿𝛿) would be [43]:
(D-5)

𝛿𝛿 = 𝑑𝑑𝑑𝑑

For the normal hexagonal mesophases, apolar domain size (𝛼𝛼) is calculated as follows [43]:
𝛼𝛼 =

1/2
√3
𝑎𝑎 �2𝜋𝜋 𝜙𝜙�

(D-6a)

For reverse hexagonal system, we simply substitute 𝜙𝜙 by 1 − 𝜙𝜙 in the Equation (D-6a).
Derivation of Equation (D-6a) is simple. In fact, in a hexagonal micelle with lattice parameter of
𝑎𝑎, there are three full cylinders with the radius of 𝛼𝛼 present. The ratio between cylinders volume
to the hexagon volume is equal to the volume fraction of cylinders (apolar domains in the case of
normal hexagonal mesophases). Therefore:
𝜙𝜙 =

3𝜋𝜋𝛼𝛼2

(D-6b)

√3 2
𝑎𝑎
2

3

Solving Equation (D-6b) for 𝛼𝛼 provides Equation (D-6a).

For the micellar cubic mesophase, there are two full spheres with the radius 𝑅𝑅𝐶𝐶 present in a cube
with lattice parameter 𝑑𝑑𝐶𝐶 . The ratio between spheres volume to the cube volume is equal to the
volume fraction of spheres (apolar domains in the case of normal micellar cubic mesophases).
Therefore,
𝜙𝜙 = 2

4
𝜋𝜋𝑅𝑅𝑐𝑐 3
3
𝑑𝑑𝐶𝐶 3

(D-7a)

Thus, solving Equation (D-7a) for 𝑅𝑅𝐶𝐶 and knowing that the apolar domain size is 𝛼𝛼𝐶𝐶 = 2𝑅𝑅𝐶𝐶 ,
provides the apolar domain size as follows:
3𝜙𝜙 1/3

(D-7b)

𝛼𝛼𝐶𝐶 = 2𝑑𝑑𝐶𝐶 � 8𝜋𝜋 �
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For the reverse micellar cubic system, we simply substitute 𝜙𝜙 by 1 − 𝜙𝜙 in Equation (D-7b).
Figure D-2 schematically shows the lattice parameter, polar and apolar domains in micellar
cubic, lamellar, normal hexagonal, and reverse hexagonal mesophases.
(a)

(b)
Lattice parameter

Half of
polar domain size

Lattice parameter

Half of
polar domain size

Apolar domain size

Apolar domain size

(c)

(d)
Lattice parameter

Lattice parameter
Half of polar
domain size

Half of apolar
domain size

Apolar domain size

Polar domain size

Figure D-2. Schematic illustration of lattice parameter, polar and apolar domain sizes in (a) micellar
cubic, (b) lamellar, (c) normal hexagonal, and (d) reverse hexagonal mesophases.

To calculate the volume fraction of each phase, it is assumed that the system is completely
segregated with no partitioning of water in the PEO block or oil in the PPO block, and that each
component is characterized by its bulk density [116]. Note that this is not rigorously accurate, as
the PEO and PPO will partition into the water and oil phases, respectively. However, these
assumptions greatly simplify our calculations without losing a great deal of information [102].
For Pluronic L64, the PPO block constitutes 60% of the block copolymer weight. Assuming PPO
and PEO to be at bulk density (PPOMw~2000~1.005 g/cm3 and PEOMw~1000~1.11 g/cm3), we can
conclude that approximately 62% of polymer volume is the PPO block, while PEO makes up the
other 38% of Pluronic L64 volume. We can use this method to calculate the volume fraction of
PEO and PPO in other Pluronics as summarized in Table D-1.
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Table D-1. Volume fraction of PEO and PPO in different Pluronics using the bulk density of their PEO
and PPO blocks.
Pluronic
PPO density (g/cm3)
PEO density (g/cm3)
PPO volume fraction
PEO volume fraction

L64
1.005
1.11
62
38

P84
1.004
1.12
62
38
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L121
1.0
1.13
91
9

P123
1.0
1.12
72
28

Appendix E: Rheological Measurements Performed on Mesophases for
Chapter 3 Data
E.1 Rheological measurements

Strain (%)

Rheological tests are carried out with the Discovery Hybrid Rheometer DHR-3. A 40 mm
parallel plate geometry with 1 mm gap is used for the measurements, unless otherwise noted.
The temperature during the tests is controlled at 25 °C by a peltier plate system. Flow curves are
obtained from simple shear measurements at different shear rates. Dynamic oscillatory shear
tests are done as follows: (i) an isothermal dynamic amplitude sweep is carried out at fixed
frequency of 10 rad/s, and (ii) an isothermal dynamic frequency sweep is done by measuring
elastic and loss moduli at a fixed strain of 0.5%, which is in the linear viscoelastic regime as
verified by amplitude sweep tests. Stress relaxation behavior is obtained by flow cessation
(stopping the flow) after applying step-strains of 1% and 50%, where the mesophases are in the
linear and nonlinear viscoelastic regions (according to amplitude sweep experiments),
respectively. A flow protocol, schematically shown in Figure E-2, is used to study the alignment
of mesophases under shear and their relaxation. In particular, a strain of 5% (non-linear
viscoelastic region) with angular frequency of 10 rad/s is applied to the samples over a total of
600 min, during which the test is stopped at specific times, and a frequency sweep experiment is
performed to measure the evolution of the dynamic moduli of the system (Figure E-2). After 600
min, the flow is stopped (zero shear rate) over 1000 min, during which the dynamic moduli of
samples are measured at specific times with the frequency sweep experiment.
Frequency sweep

Time
Recovery

Time sweep

Figure E-2. Schematic representation of flow protocol used for shear-induced alignment and relaxation.

E.2 Rheo-small angle neutron scattering (Rheo-SANS) measurements
Rheo-SANS experiments were performed at the National Institute for Standard and Technology
Center for Neutron Research (NCNR) in Gaithersburg, MD. The procedures used were as
follows: Data are collected using NG7 30 m SANS instrument, where a neutron beam with
wavelength of 6 Å and spread of Dk/k of 0.15 is used to collect scattering at sample-to-detector
distance of 2.5 m. Shear fields are applied using a Couette shear cell controlled by an Anton Paar
Physica MCR 501 Rheometer (Anton Paar, Graz Austria). The Couette shear cell consists of a
titanium cup with 28 mm diameter and 2 mm gap size. Deuterated water is used in formulations
to induce the contrast for SANS studies. The radial scattering pattern is collected.
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Appendix F: SAXS Graphs for Mesophase Samples in Chapter 3

(c)

(b)

(a)

Figure F-1. SAXS graphs for hexagonal samples. (a) P84_40/15/45_H2, (b) L121_60/25/15_H2, and (c)
P84_50/45/5_H1.

(b)

(a)

Figure F-2. SAXS graphs for hexagonal samples. (a) P84_60/35/5_L and (b) L121_40/35/25_L.
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Appendix G: Rheological Characteristics of Mesophases
G.1 Wall-slip
Mesophases look like a transparent paste, where their flow is dependent on rearrangement of
micelles and grains. In some mesophase systems, the sliding on a very smooth surface is
observed rather than flowing [180]. Wall-slip in complex fluids makes the flow behavior
dependent on the type of geometry and the domain size of the flow field [181–183]. To study the
slippage behavior of mesophases, a set of flow-sweep experiments were performed on four
typical samples (two lamellar and two hexagonal samples, presented in Chapter 3) using the
parallel plate geometry with three different gap sizes of 0.8, 1, and 1.2 mm of smooth parallel
plate (PP) surface and with gap size of 0.8 mm of cross-hatched (C/H) surface, as shown in
Figure G-1. It can be seen that the flow curve does not change with gap size and surface
roughness. Therefore, we conclude that mesophase samples do not have slippage during flow
measurements.
(a)

(b)

(c)

(d)

Figure G-1. Flow behavior of typical mesophases with different gap sizes and surfaces: (a) Pluronic
P84_50/45/5_H1, (b) Pluronic L121_60/25/15_H2, (c) Pluronic P84_60/35/5_L, and (d) Pluronic
P123_60/35/5_L.

82

G.2 Flow behavior
Flow curves of studied samples are shown in Figure G-2. The measured values of the stress at
low shear rates are extrapolated to zero shear rate and considered as the yield stress point
denoted by 𝜎𝜎𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 in Table G-1. All flow curves are practically similar and show the
viscoplastic behavior with yield stress as also reported by other researchers [79, 80, 184, 185].
However, the yield stress values for a few lamellar samples are fairly low (<1 Pa) – an artifact
due to the limited attainable low shear rates – which may be considered as zero [186]. The
lamellar samples overall show lower yield stresses than hexagonal ones, which is attributed to
the easier sliding of planes than cylinders. Yield strain values from shear experiment, shown in
Table G-1, are calculated as:
𝛾𝛾𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =

𝜎𝜎𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(G-1)

𝐺𝐺′

where 𝐺𝐺′ is the elastic modulus of the sample in the linear viscoelastic region.

The presence of the stress plateau in the flow curves may be an indicator of shear banding in the
mesophases as discussed previously [187–191]. However, velocimetry techniques are needed for
direct detection of shear banding in complex fluids.

Figure G-2. Flow curves of typical lamellar and hexagonal mesophases.
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G.3 Amplitude sweep
Amplitude sweep tests are done to determine the linear viscoelastic region of each mesophase, as
shown in Figure G-3. The point where the storage modulus (G') starts to decrease with strain is
the threshold of the non-linear viscoelastic region, 𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿 , and can be considered as a yield point
[192, 193]. All mesophases show the same trend in the amplitude sweep curves. This trend is
known as type III non-linear behavior, which is made evident by a weak strain overshoot and a
local maximum in loss modulus (G"). Polymer solutions and highly concentrated emulsions
(HCEs) have the same behavior [81, 82, 194, 195]. In emulsions and colloidal systems, type III
behavior is attributed to structural rearrangement in the large scale and/or flow of the droplets
above the yield strain point [196, 197]. An alternative definition for yield strain is that it occurs
at the crossover of G' and G", 𝛾𝛾𝑦𝑦,𝐺𝐺′ =𝐺𝐺" , beyond which the loss modulus (as a measure of energy
dissipation) is dominant.
(b)

(a)

Figure G-3. Amplitude sweep experiments, at fixed frequency of 10 rad/s for (a) hexagonal and (b)
lamellar samples.

Table G-1 shows the values of yield stress and strain from oscillatory tests, based on the two
definitions mentioned above. Additionally, the values from flow curves (simple shear
experiment) are listed. Yield stress obtained from the simple shear experiment is much lower
than that from the oscillatory shear. Such discrepancies between yield stresses obtained from
oscillatory and simple shear measurements are reported in the literature [192]. A similar trend is
observed by Daneshfar and others for concentrated suspensions. They suggest that the yield
stress obtained from flow curves could be due to the bulk flow (the point below at which the
grains cannot move), while the 𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿 is related to the yielding within grains or domains [198].
Similarly for mesophases, 𝜎𝜎𝑦𝑦,𝐿𝐿𝐿𝐿𝐿𝐿 can be attributed to the rearrangement in the level of micelles,
while the 𝜎𝜎𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 is related to the rearrangement of the crystalline domains.
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Table G-1. Calculated values of yield stress and yield strain for different mesophase systems from simple
shear and oscillatory shear experiments.
Sample
Unit
P84_40/35/25_L
P84_70/25/5_L
P84_60/35/5_L
P123_60/35/5_L
P123_50/45/5_H1
P84_60/15/25_H2
P84_50/45/35_H1
P84_40/15/45_H2
L121_60/25/15_H2

𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿
(%)
2.51
1.00
1.59
2.51
1.59
1.00
1.59
2.52
1.59

𝛾𝛾𝑦𝑦,𝐺𝐺 ′ =𝐺𝐺"
(%)
63.11
15.85
15.85
15.85
25.15
25.18
63.30
39.91
15.90

𝛾𝛾𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑎𝑎𝑎𝑎
(%)
0.46
0.16
0.04
0.05
0.21
0.5
8.85×10-3
0.01
5.54×10-3

𝜎𝜎𝐿𝐿𝐿𝐿𝐿𝐿
(Pa)
34.26
7.14
16.49
11.40
73.75
149.77
211.48
211.89
103.33

𝜎𝜎𝑦𝑦,𝐺𝐺 ′=𝐺𝐺"
(Pa)
75.26
164.51
54.26
37.06
266.36
903.73
1746.77
758.45
517.32

𝜎𝜎𝑦𝑦,𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
(Pa)
2.58
2.28
0.42
0.21
10.20
8.21
1.32
1.21
4.21

Our recently proposed model [102], predicts the average elastic modulus of polycrystalline
mesophases from the single crystal unit. The van der Waals interaction between nearest neighbor
micelles is assumed to be the dominant force responsible for the elasticity of the mesophases.
The model suggests that the shear modulus is highly dependent on the distance between micelles
and a power-law model can be fitted to the zero-shear modulus (𝐺𝐺0 ) versus the reciprocal
1
intermicellar distance (𝐷𝐷) curve at a constant micelle size, where the power-law index for the
lamellar and hexagonal systems are approximately 3 and 4, respectively [102]:
1

𝐺𝐺0 ~ 𝐷𝐷𝑛𝑛

(G-2)
(b)

(a)

Figure G-4. The zero-shear modulus versus the reciprocal of intermicellar distance for (a) lamellar and (b)
hexagonal samples.
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The experimental data in this work along with the values from the developed model are
compared in Figure G-4. The model can predict the experimental data fairly well for both
hexagonal and lamellar sample sets with the same order of magnitude of zero-shear elastic
moduli. The deviation observed could be due to the assumptions made for simplicity of the
model, namely only considering the interaction of the nearest neighbors and obtaining micellar
size and intermicellar distance by assuming complete segregation of the PEO and PPO domains.

G.4 Frequency sweep
Dynamic frequency sweep experiments are done on samples in the linear regime to measure the
linear viscoelastic properties of the mesophases. As seen in Figure G-5, G' is higher than G" in
the whole frequency range (0.06-600 rad/s) for all mesophases that imply the solid-like behavior
of the samples. G' is nearly frequency-independent with a subtle increase with frequency. All
samples are in the rubbery-plateau region of the universal frequency sweep curve of viscoelastic
materials, where G' is higher than G" and no G'-G" crossover is seen in frequency sweep data,
indicating high structural relaxation times of mesophases.
(a)

(b)

Figure G-5. Frequency sweep experiment data for (a) hexagonal and (b) lamellar samples.

A shallow minimum in G" of mesophases is a characteristic of polymeric gels and has been
observed for emulsions and soft-glassy materials as well [194, 197, 199–201]. The minimum in
loss modulus shows the presence of two relaxation behaviors in the system and the transition
from α-relaxation (long time, related to low frequency, attributed to grain-size scale) to βrelaxation (short time, high frequency, attributed to the micelle size scale). Angular frequency at
the G"min is plotted against the ratio of normalized lattice parameter to grain size of each
mesophase sample in Figure G-6. Data suggest that there is a linear relationship between the
angular frequency at the minimum of the loss modulus and the normalized lattice parameter
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versus grain size. The ratio of lattice parameter to grain size is used to consider the contributions
of both defects (low frequency relaxation) and micelles (high frequency relaxation) in the
location of G"min. The results suggest that the higher the probability of finding defects in the
system, the higher the angular frequency where the minimum in G'' takes place. The slope of the
linear correlation is about eight times higher for hexagonal mesophases than for the lamellar one.
Therefore, the crossover of α- to β-relaxation is more sensitive to the ratio of lattice parameter to
grain size in hexagonal samples than in lamellar systems.
(b)

(a)

Figure G-6. Angular frequency at the minimum of loss modulus versus the ratio of lattice parameter to
grain size for (a) lamellar and (b) hexagonal samples.

G.5 Stress relaxation
A step-strain of 𝛾𝛾 is applied to the mesophases, and then the stress relaxation behavior is
recorded with time. The stress versus time graphs for four typical samples are shown in Figure
G-7. At relatively small strains in the linear viscoelastic (LVE) regime (1%), the samples relax to
a finite value of stress with a unimodal relaxation time distribution with average time of 𝜏𝜏1
associated with linear viscoelasticity [115]. However, at high strains (50%), the systems relax in
two steps, showing a second average relaxation time of 𝜏𝜏2 . Such behavior is due to the instability
of the system at high strains and has been predicted for ordered mesophases of block copolymer
melts [115, 202]. The two relaxation times after applying high strains should not be confused
with the two relaxations from the frequency sweep experiments in LVE regime discussed in
Section G.4, for which at least the slow one is associated with nonlinear deformation.
Lamellar and hexagonal LLCs have a mesoscopic nature, wherein intermicellar interactions and
grain size are the key players in their rheological properties [102]. At high strains, the
mesophases behave non-linearly (see Figure G-3), and the disruption of intermicellar interactions
and slippage take place [115]. Additionally, the nonlinear strain eliminates defects in LLCs,
whereas they spontaneously re-form when the deformation is stopped [100, 203].
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𝜋𝜋

Doi and others [115] proposed a critical value for the strain, 𝛾𝛾𝑐𝑐 = 2 , for which the instability in
the flow occurs. Study results show that the critical value for ternary systems of block
copolymer/water/oil is much lower than the proposed value for block copolymer melts.
Nonetheless, such phenomena still takes place in mesostructured bock copolymers in solvents.
(a)

(b)
𝜏𝜏1 = 0.019𝑠𝑠

𝜏𝜏2 = 1024.8𝑠𝑠

(d)

(c)

𝜏𝜏1 = 0.001𝑠𝑠

Figure G-7. Stress relaxation with time after applied strains of 1% and 50% for: (a) Pluronic
P84_50/45/5_H1, (b) Pluronic L121_60/25/15_H2, (c) Pluronic P84_60/35/5_L, and (d) Pluronic
P123_60/35/5_L.

To calculate the relaxation times, shown on the figures, we have used the simple Maxwell
relaxation model for each step:
𝜎𝜎 = 𝜎𝜎0 𝑒𝑒 −𝑡𝑡⁄𝜏𝜏

(G-3)

where 𝜏𝜏 is the relaxation time, and 𝜎𝜎 and 𝜎𝜎0 are the stress at time 𝑡𝑡 and initial stress, respectively.
When 𝑡𝑡 = 𝜏𝜏, the ratio of stress to initial stress 𝜎𝜎⁄𝜎𝜎0 is 1�𝑒𝑒.

G.6 Shear induced alignment and relaxation behavior

A strain amplitude of 5% with angular frequency of 10 rad/s (which is in the non-linear
viscoelastic regime) is applied to two typical samples (one lamellar and one hexagonal) for a
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total of 600 min to induce alignment. At different times, the aligning strain is stopped, and the
frequency sweep measurement is quickly performed (Figure G-8). It can be seen that G'
decreases in the whole range of frequency with time during shear deformation. The observed
behavior can be used as evidence for shear alignment [100, 204, 205]. The nonlinear shear
deformation eliminates defects in LLCs, and thus enhances the shear-induced alignment [203].
During shear deformation, G'' is constant at high frequencies, ω>10 rad/s, and decreases in the
low frequency region, ω <10 rad/s, where the contribution of defects (grain boundaries and
dislocation) is dominant. Hahn and others [100] have observed a constant G'' in the frequency
range of 1-100 rad/s. They mentioned that G'' is dominated by fast relaxation times, and therefore
it is not influenced by defects. We believe that G'' is sensitive to defects at very low frequencies
(pertaining to large characteristic sizes), and it is influenced by the alignment of domains and/or
relaxation defects. In other words, depending on the mesostructure, a wide-enough frequency
range can reveal responses from both grain and micellar structures in the low and high frequency
regimes, respectively.
We have performed rheo-SANS on a typical lamellar sample, Pluronic P84_60/35/5_L, in a
simple shear test. The 2D radial scattering patterns are presented in Figure G-9a. Data in Figure
G-9b show the azimuthal intensities about a specific q range. Rheo-SANS results confirm that
there is no shear-induced phase transition and the system structure remains intact during
deformation (Figure G-9c). However, shear-induced alignment takes place at shear rates higher
than approximately 10-1 s-1 (Figure 4-12b). Two specific peaks are observed in intensity versus ϕ
plots, associated with two bright spots in the 2D SANS patterns in Figure G-9a.
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(a)

(b)

(c)

(d)

Figure G-8. Evolution of elastic modulus and loss modulus at different times during shear-induced
alignments for (a) and (b) P123_60/35/5_L and (c) and (d) L121_60/25/15_H2 samples. The arrow
direction shows the increase in time in all graphs.
(a)

(c)

(b)
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Figure G-9. (a) Two-dimensional radial SANS patterns for a lamellar system at different shear rates, (b)
intensity versus azimuthal angle, 𝚽𝚽, of rheo-SANS data at different shear rates, and (c) intensity versus
scattering vector, q, at different shear rates.
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Figure G-10 shows the relaxation behavior of samples after stopping the shear-alignment step.
Moduli of the samples increase to their initial value with time during the relaxation process. In
other words, the shear-alignment is a reversible process and if the sample has enough time at
rest, it relaxes back to its original state with nearly the same viscoelastic behavior. The relaxation
of moduli to their initial values suggests that at rest, defects spontaneously form; thus, the LLC
systems move again toward an unaligned state. [100].
(a)

(b)

(c)

(d)

Figure G-10. Evolution of elastic modulus and loss modulus at different times during relaxation for (a)
and (b) P123_60/35/5_Lam and (c) and (d) L121_60/25/15_Hex samples. The arrow direction shows the
increase in time in all graphs.
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Appendix H: Experimental Methodology and Results for Chapter 4 Data
H.1 Experimental Procedures
H.1.1 Materials
Pluronic block copolymers, P84, L121, and L64 are used as surfactants. Butyl acrylate and
ethylene glycol dimethacrylate are used as monomer and crosslinker, respectively.
Azobisisobutyronitrile is used as the thermal initiator. DI water is used as the aqueous phase. The
monomer and crosslinker are purified by passing through a silica column.
H.1.2 Formulation design
The method of mesophase preparation has been explained before [42]. Simply stated, desired
amounts of components are mixed using centrifugation at alternative directions until a
transparent mesophase is obtained. Table H-1 shows the ratio of materials used in each sample.
The monomer to crosslinker weight ratio is held constant at 3:1 and the initiator concentration is
3 wt% of the monomer in all samples. Samples are formulated in a way that the monomer plus
crosslinker concentration is constant, but changing water/block copolymer ratios makes different
mesostructures. It should be noted that it is almost impossible to have different mesostructures
with the same Pluronic at a fixed oil phase (monomer) concentration. Thus, SAXS measurements
are used to confirm the mesostructure of each sample before and after polymerization as
explained in the Chapter 2.
H.1.3 Rheological measurements
The Discovery Hybrid Rheometer DHR-3 rheometer is used to study the rheological behavior
and chemorheology of mesophases. A 40 mm sand-blasted parallel plate geometry with 1 mm
gap is used in all experiments. All tests are performed in the linear viscoelastic region (0.5%
strain, confirmed from amplitude sweep tests). First, dynamic frequency sweep tests are
performed at 25 °C in the frequency range of 0.1 to 600 rad/s. For chemorheology studies, a
solvent trap filled with DI water is used. Time tests in small amplitude oscillatory shear mode are
done on mesophases at three different temperatures, namely 60, 65, and 70°C to determine the
kinetics of polymerization through the evolution of storage and loss moduli [127]. Data are
collected in the linear viscoelastic region (strain amplitude of 0.5%) at a constant frequency of 1
Hz. Polymerization of the pure monomer phase is also studied as the control sample to define the
kinetics of polymerization in the non-confined state.
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H.1.4 DSC measurements
Isothermal DSC is carried out utilizing Q2000 (TA Instruments, New Castle, DE).
Approximately 10 mg of mesophase is placed in the aluminum pans and the heat of reaction is
recorded with time. All measurements are performed under a nitrogen gas atmosphere at elevated
temperatures (60, 65, and 70 °C) to determine the rate of polymerization according to the
procedure established by Guymon and coworkers [117, 118, 206, 207]. Having the heat flow,
∆𝑄𝑄, the polymerization rate, 𝑅𝑅𝑝𝑝 , can be calculated as:
𝑅𝑅𝑝𝑝

[𝑀𝑀]0

= ∆𝑄𝑄 ��𝑛𝑛
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(H-1)

where 𝑀𝑀𝑤𝑤 , [𝑀𝑀]0 , ∆𝐻𝐻, 𝑛𝑛, and m are molecular weight, initial concentration, theoretical reaction
enthalpy (86,200 J/mol for acrylate and 56,000 J/mol for methacrylate) [37], functionality, and
mass, respectively [129]. Polymerization of the pure oil phase is also studied as a control sample
to define the kinetics of polymerization in the non-confined state. The polymerization rate is
normalized to the total reactive species’ concentration in the formulation. The reaction
temperature is maintained constant (within ± 0.1 °C) during the measurements. The degree of
monomer conversion is calculated by integrating the area between the DSC curves and the
baseline established by extrapolation from the trace produced after complete polymerization.
H.1.5 Monomer conversion
The final conversion is experimentally obtained by washing the mesophases with a soxhlet
extractor to remove residual monomer, initiator, and crosslinker. There is also a possibility of
block copolymer removal during washing. Samples are first washed with water for 12 hr, and
then with methanol for another 24 hr. Thermal gravimetric analysis (TGA) is done on the
washing solvents after soxhlet extraction to confirm that Pluronic block copolymer has not been
washed out, as shown in Figure H-1. After washing, the samples are dried in the vacuum oven at
40 °C for 48 hr. Dried samples are weighed and the conversion is obtained using gravimetric
analysis.
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Figure H-1. Typical TGA data for soxhlet mixtures after washing with water and methanol. TGA data of
Pluornic L64 block copolymer in the bulk state and its solution in water is also provided.

H.2 Results
H.2.1 SAXS
SAXS results before and after polymerization are shown in Figure H-2. Polymerized samples at
elevated temperatures show the same pattern in the peak positions, while there is a slight shift of
peaks to the left. The calculated parameters obtained from SAXS experiments on various
samples are summarized in Table H-1. Apolar domain size and its change after polymerization
are two important factors in the kinetics of polymerization and will be discussed later.
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(a)

(b)

(c)

(d)

Figure H-2. 1D SAXS graphs of mesophase systems with Pluronic block copolymer/water/oil (wt%)
composition before and after polymerization: (a) P84-Lα (60/15/25), (b) L121-Lα (57/18/25), (c) P84-H2
(40/35/25), and (d) L64-H2 (55/20/25). Oil phase consists of butyl acrylate, EGDMA, and AIBN.
Table H-1. Composition of the samples and their calculated SAXS parameters.
Sample
P84- Lα
L121-Lα
P84- H2
L64-H2

Composition
(Pluronic/water/mon
omer) (wt%)
(60/15/25)
(57/18/25)
(40/35/25)
(55/20/25)

𝜙𝜙
0.62
0.31
0.50
0.60

𝑑𝑑 or 𝑎𝑎,
unpolymerized
(nm)
6.0
10.0
6.6
7.4

𝛿𝛿 or 𝛼𝛼,
unpolymerized
(nm)
3.7
3.1
2.4
3.0

Intermicellar
distance
(nm)
0.9
1.6
0.6
0.8

The polymerized samples show a slight shift in the peaks to smaller scattering vectors, which
indicates an increase in the lattice parameter, thus, in the apolar domain size. The change in
domain size is attributed to the competition between thermodynamics and kinetics. By
progression of polymerization, the molecular weight and degree of polymerization, 𝑁𝑁, increase;
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thus, the enthalpic penalty, 𝜒𝜒𝜒𝜒, outweighs the entropic contribution to the Gibbs free energy.
Therefore, the system is driven toward the increase in domain size (and ultimately phase
separation). On the other hand, the density of the monomer phase increases upon polymerization
(∆𝜌𝜌~10%), which leads to the shrinkage and decrease in the domain size. The presence of
Pluronic block copolymers with slow dynamics decreases the rate of phase separation. In
addition, crosslinking arrests and preserves the structure during thermal polymerization. Critical
molecular weight entanglement (Mc) for PEO and PPO are 10,000 g/mol and 7000 g/mol,
respectively [208, 209]. All the Pluronic block copolymers in our study have molecular weight
well below Mc. Therefore, block copolymers are not entangled in the system. Additionally, the
radius of gyration of Pluronic P84, Pluronic L121, and Pluronic L64 block copolymers are
approximately 17 Å [43], 17.8 Å [210], and 19 Å [211], respectively, which are smaller than the
domain size of the micelles. Thus, there is no chain crossing the oil phase from one hydrophilic
domain to another one.
H.2.2 Rheological measurements
Frequency sweep results for lamellar and reverse hexagonal mesophases in Figure H-3 show that
all mesophases have solid-like behavior, where the storage modulus is higher than the loss
modulus in the whole range of studied frequencies [81]. Such behavior has been observed for
suspensions, block copolymer solutions, and highly concentrated emulsions [212–214]. In the
systems under study, the solid-like behavior is due to the high concentration of block copolymer
and the compact LLC structures. It has been shown that lamellar structures have one order of
magnitude lower storage moduli when compared with hexagonal mesophases [84, 85]. As it is
evident from Figure H-3, the storage modulus in (c) and (d) plots (H2 samples) is higher than that
of (a) and (b) ones (Lα samples). Comparing the lamellar samples, P84-Lα (60/15/25) shows
higher storage modulus compared to L121-Lα (57/18/25), which is due to the smaller domain
size and intermicellar distance in P84-Lα samples. According to the study model developed
recently on the basis of van der Waals interactions (which is the main source of intermicellar
interactions) [102, 103], the storage modulus is highly dependent on the reciprocal of
intermicellar distance. The intermicellar distances in lamellar and reverse hexagonal systems are
calculated (see Chapter 2) and summarized in Table H-1. Average intermicellar distance in the
P84-Lα sample is smaller than that of the L121-Lα sample and consequently the storage modulus
is higher in the P84-Lα sample. Additionally, the intermicellar distance in the P84-H2 sample is
smaller than that of the L64-H2 sample. Thus, the elastic modulus is higher in the P84-H2 sample
[102, 103].
A shallow minimum is observed in the loss modulus curves of all samples that is characteristic of
polymeric gels and has been observed for emulsions and soft-glassy materials as well [194, 197,
199–201]. As discussed in Chapter 3 and Appendix G, the minimum in the loss modulus shows
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the presence of two relaxation behaviors in the system and the transition from α-relaxation
observed in low frequencies (related to large domain sizes, i.e., grain scale) to β-relaxation
observed in high frequencies (related to small domain sizes, i.e., micelle scale).

Figure H-3. Frequency sweep curves of mesophase systems with different Pluronic block
copolymer/water/oil (wt%) compositions: P84-Lα (60/15/25), L121-Lα (57/18/25), P84-H2 (40/35/25),
and L64-H2 (55/20/25).
H.2.2.1 Induction activation energy

Having 𝑡𝑡𝑖𝑖𝑖𝑖 at different temperatures, we can calculate the activation energy from the slope of
1
ln 𝑡𝑡𝑖𝑖𝑖𝑖 versus 𝑅𝑅𝑅𝑅 graph (Figure H-4). The values are reported in Table 4-1. The activation energies
for confined samples are higher than those of the bulk sample, which is due to the higher
viscosity of confined mesophases that controls the diffusion-controlled initiation in the systems.
The lamellar samples show slightly lower initiation activation energy compared to the reverse
hexagonal ones because of their lower viscosity as confirmed from rheology.
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Figure H-4. The effect of temperature on the initiation time of the polymerization in bulk sample and
mesophases of P84-Lα, L121-Lα, P84-H2, and L64-H2 samples. The slopes of the lines are used to
estimate the initiation activation energy.

H.2.3 DSC measurements
To confirm the kinetic parameters obtained from chemorheological studies, DSC is performed on
two typical samples with lamellar and hexagonal structures (P84-Lα and P84-H2). The
polymerization rate versus time (Figure H-5) and conversion versus time plots (Figure H-6)
confirm that the radical polymerization in mesophases is influenced by diffusion-controlled
phenomena.
(a)

(b)

(c)

Figure H-5. The effect of temperature on the variation of heat flow with time during isothermal
polymerization of (a) bulk, (b) P84-Lα, and (c) P84-H2.

In the first stage of polymerization (low conversions), an almost linear dependence of
conversion, and an approximately constant 𝑅𝑅𝑝𝑝 appears, indicating the purely chemical-controlled
nature of the polymerization [215]. In the region of 10-20 % conversion, a sharp increase in the
reaction rate (autoacceleration) takes place, followed by an increase in the conversion values
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[216, 217]. The autoacceleration (gel effect) is attributed to the effect of diffusion-controlled
phenomena on the termination reaction.
(b)

(a)

(c)

Figure H-6. The effect of temperature on the variation of conversion with time during isothermal
polymerization of (a) bulk, (b) P84-Lα, and (c) P84-H2.

As discussed in Chapter 1, by considering the steady-state hypothesis for free radical
polymerization, the polymerization rate, 𝑅𝑅𝑝𝑝 , is given as a function of conversion, 𝑋𝑋 [217]:
𝑅𝑅𝑝𝑝

[𝑀𝑀]

≅ 𝐾𝐾′ (1 − 𝑋𝑋)
𝑓𝑓𝑖𝑖 𝑘𝑘𝑑𝑑

𝐾𝐾′ = 𝑘𝑘𝑝𝑝 �

𝑘𝑘𝑡𝑡

�

1�
2

(H-2.a)

1�
2

(H-2.b)

[𝐼𝐼]

where 𝑘𝑘𝑑𝑑 represents the kinetic rate constant of initiator decomposition and 𝑓𝑓 is the initiator
efficiency. The propagation and termination rate constants are 𝑘𝑘𝑝𝑝 and 𝑘𝑘𝑑𝑑 , respectively.

To investigate the effect of temperature on the reaction kinetics, Equation (H-2.a) can be
integrated assuming that all the kinetic rate coefficients, initiator concentration, and efficiency
are constant. Therefore, an expression that directly correlates the monomer conversion with an
observed overall kinetic rate coefficient, 𝐾𝐾′, can be obtained:

(H-3)

−𝑙𝑙𝑙𝑙(1 − 𝑋𝑋) = 𝐾𝐾′𝑡𝑡

It should be noted that the described assumptions are valid only for low degrees of monomer
conversion [217]. The slope of the initial linear part (between 2 to 10 % where autoacceleration
is negligible) of the plot of −𝑙𝑙𝑙𝑙(1 − 𝑋𝑋) versus 𝑡𝑡, gives the overall kinetic rate constant [217,
218]. Thus, the overall kinetic rate values are measured at different temperatures for the bulk
state and for two typical samples with lamellar and hexagonal structures. The overall activation
energy of polymerization is obtained by considering an Arrhenius-type dependency of reaction
rate on temperature.
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As shown in Figure H-6, the maximum conversion obtained upon polymerization increases with
increasing reaction temperature in both the bulk and nanoconfined systems, which can be
attributed to increased polymerization rate and monomer diffusion coefficients [127]. In
addition, a lower limiting conversion is reached for the mesophases with lamellar structure
compared to the reverse hexagonal one. This is in agreement with the chemorheology results.
Table H-2 shows the kinetic parameters derived from DSC. It is shown that the polymerization
rate in nanoconfined structures is significantly (one order of magnitude) lower than that of the
bulk polymerization, which is in agreement with chemorheology results. As mentioned earlier,
the DSC results (Figure H-5 and H-6) show that the radical polymerization in mesophases is
controlled by diffusion-controlled phenomena. The activation energies obtained from the
chemorheology (Table 4-1) and DSC (Table H-2) experiments show that the reverse hexagonal
mesophases have higher activation energy compared to the bulk and lamellar mesophases. This
is attributed to the higher viscosity of the reverse hexagonal systems compared to the lamellar
ones at the early stages of polymerization. On the other hand, it is observed that by increasing the
degree of confinement in the system, the gel effect is decreased during the polymerization. It is
confirmed that the lamellar mesophase with the highest degree of confinement has the lowest
conversion and polymerization rate, which are induced by the increase in the termination rate.
These results show that the confinement effect is competing with the gel effect when the
polymerization is proceeding within the mesophase system. The high degree of confinement
increases the probability of two radicals to react with each other, and consequently increases the
termination rate.
Table H-2. Activation energy and kinetic rate constants of polymerization for bulk and confined
structures at different temperatures derived from DSC measurements.
Sample
Unit
P84- H2
P84- Lα
Bulk

𝐸𝐸
kJ/mol
84
75
52

𝐾𝐾′ (60 oC)
10-3/s
3.6
3.4
21.4

100

𝐾𝐾′ (65 oC)
10-3/s
8.5
7.6
25.3

𝐾𝐾′ (70 oC)
10-3/s
9.1
8.2
37.3

Appendix I: Experimental Methodology and Results for Chapter 5 Data
I.1 Experimental Methodology
I.1.1 Membrane fabrication
Following removal of the poly(ether sulfone) NIPS membrane, recovered supports are dried
under high vacuum for at least 24 hours and found to have an average thickness of 190 µm. A
small amount of the unpolymerized mesophase (~2 mL) is subsequently placed onto the support
such that the mesophase comprised roughly 60 wt. % of the final membrane. The gel mixture on
the support is then sandwiched between Mylar sheets and smooth stainless-steel plates. The
entire assembly is subsequently pressed using a hot press pre-heated to 40 °C with a force of 105
N for five minutes, allowing the monomer mixture to completely infuse the support film.
Following, the film is placed in a UV chamber (Spectroline Corporation, Select XLE-Series) for
two hours where it undergoes UV polymerization, after which it is transferred to a drying oven at
70 °C for three hours to ensure the polymerization is complete (Figure I-1). It should be noted
that the support material could easily be replaced with more renewable alternatives and is not
believed to have a significant effect on the membrane nanostructure as evidenced by SAXS
results from polymerized mesophases with and without the support, shown in Figure I-2. It can
be seen that the presence of the support does not have any effect on the structure of the
mesophase upon polymerization.
Stainless steel sheet
Mylar

Hot pressing

Support
UV/thermal polymerization

Monomer mesophase
Mesophase:
water/monomer/Pluronic L64

Final membranes

Figure I-1. Schematic illustration of the necessary steps for making UF membranes.
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I.2 Results
I.2.1 SAXS data
(a)

(b)

Figure I-2. SAXS graphs of mesophase systems containing monomer (Pluronic L64/water/(butyl
acrylate+EGDMA+HCPK+AIBN)), sample I, after polymerization, (a) with and (b) without support.

Figure I-3. Log-log scale 1D SAXS graphs of mesophase system containing monomer (Pluronic
L64/water/(butyl acrylate+EGDMA+HCPK+AIBN)) with 60/15/25 composition before polymerization.
Pre- and post-shoulders in primary peak at 0.91q* and 1.15q* are indicative of HM/HPL structures.
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25°C

35°C

45°C

55°C

65°C

Figure I-4. 1D and 2D SAXS patterns as a function of temperature for sample A with composition of
(Pluronic L64/water/(butyl acrylate+EGDMA+HCPK+AIBN) (60/30/10).

I.2.2 Membrane performance
(a)

(b)

Figure I-5. (a) UV-Vis spectra of feed solution, permeate of membrane I (lamellar), and permeate of
membrane III (hexagonal); (b) UV-Vis calibration curve of BSA.
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(a)

(b)

(c)

Figure I-6. Digital photographs of (a) 1 g/L of DR23 feed solution, (b) permeate of commercial
membrane, and (c) permeate of lamellar membrane.

I.2.3 Antibacterial membranes SAXS results
SAXS data presented in Figures I-7 and I-8 show that samples HD1 and HD3 are lamellar and
that their structure remains intact upon polymerization.
(a)

(b)

Figure I-7. 1D SAXS data for sample HD1 (a) before and (b) after polymerization.
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(a)

(b)

Figure I-8. 1D SAXS data for sample HD3 (a) before and (b) after polymerization.

As shown in Figure I-9, sample HD4 has a hexagonal structure. Results show that sample HD6
did not have any structure.
(a)

(b)

Figure I-9. 1D SAXS data for sample HD4 (a) before and (b) after polymerization.
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I.2.4 Antibacterial membrane performance measurements
1 ml

1 ml

99 ml
Ph.b

99 ml
Ph.b

1 ml

0.1 ml

1 ml

0.1 ml

1 ml

0.1 ml

100

10-1

10-2

10-3

10-4

10-5

Dilution: 1:1

1:10

1:100

1:1000

1:10,000

1:100,000

Figure I-10. Dilution steps used for making Petrifilm samples.
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Appendix J: Future Work
J.1 Studying the flow-induced behavior of mesophases using rheo-SANS
Our preliminary study on a lamellar sample of a Pluronic P84/water/p-xylene system showed
that mesophases align themselves in the direction of flow in a simple shear flow field (refer to
Chapter 3). This finding can be utilized for making ordered structures using shear deformations.
However, further investigations are required to analyze more samples with different types of
structures using different flow fields such as simple shear, small and large amplitude oscillation
to reveal how the mesostructure influences the alignment/formation of single crystals upon shear
and/or oscillation deformation.

J.2 Studying the shear banding behavior of mesophases using the velocimetry
technique
When a fluid is sheared, the strain rate can have large values in narrow areas of the sample.
Therefore, shear banding may occur, which is due to a sharp instability (inhomogeneity) in the
deformation rate. Shear banding has been reported in several complex fluids such as soft glassy
materials [188], polymer solutions and melts [219, 220], worm-like micelles [221], and LLCs
[187, 222]. Usually, a stress plateau is observed in the flow curve of the systems because of shear
banding. However, to confirm the presence of shear banding and in order to analyze the number
of bands and the reasons for shear banding occurrence, direct observation techniques are
required. Particle image velocimetry (PIV) and particle tracking velocimetry (PTC) are common
methods for evaluating shear bands in complex fluids. Studying the possible shear banding
behavior of mesophases provides useful fundamental and practical information.

J.3 RAFT polymerization in nanoconfined mesophases
RAFT is a type of living polymerization that involves a conventional radical polymerization
mediated by a RAFT agent. RAFT enables us to synthesize block copolymers with controlled
block ratios and molecular weight. RAFT polymerization provides control over molecular weight
and polydispersity of the final polymer. Incorporating RAFT polymerization in nanoconfined
mesophases provides a platform to make block copolymers with a mesoporous structure.
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