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Abstract

Agqueous lyotropic liquid crystals (LLCs) comprise a class of ordered morphologies formed by
self-assembly of amphiphiles in water. LLCs assume a variety of concentration- and temperature-
dependent structures including lamellae (bilayers), bicontinuous networks, hexagonally-packed
cylindrical micelles, and spherical micelles packed on a lattice. Typically, LLC sphere packings
include high-symmetry body-centered cubic (BCC), face-centered cubic (FCC), and hexagonally
closest-packed (HCP) structures. Recently, a giant tetragonal o phase containing 30 micelles of five
different sizes was discovered in the aqueous LLC self-assembly of dianionic alkylphosphonate
surfactants. The ¢ phase belongs to a class of tetrahedrally close-packed structures called Frank-
Kasper (FK) phases, which possess > 7 particles of two or more types situated at 12-, 14-, 15-, or
16-fold coordination environments in low-symmetry unit cells. Ubiquitous in intermetallic alloys,
FK phases have been recapitulated in other soft materials including dendritic thermotropic liquid
crystals, giant-shape surfactants, and block polymers. The observation of these complex
morphologies across different soft material classes stabilized by varying non-covalent interactions
begs the question of universality in the principles that govern FK phase formation.

The formation of the ¢ phase in LLCs of ionic surfactants was rationalized based on maximizing
counterion-mediated intermicellar cohesion, while minimizing expensive local variations in
headgroup-counterion solvation. However, molecular design principles guiding FK phase selection
in LLCs are lacking. FK phases are periodic approximants of dodecagonal quasicrystals (DDQCs),
structures which possess 12-fold rotational symmetry yet lack translational symmetry. DDQCs
have been observed in self-assembled micelles of neat, neutral amphiphiles in regions of phase
space adjacent to FK morphologies. However, quasiperiodic ordering of micelles in LLC self-
assembly is surprisingly unknown given the pervasiveness of the periodic approximants.

This thesis elucidates the amphiphile structural motifs that stabilize FK phases and related
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DDQCs in aqueous LLCs. We first establish the molecular design criteria for the formation of o
phases in ionic amphiphiles by investigating the LLC phase behavior of alkylmalonate dianionic
surfactant analogous to the alkylphosphonate amphiphiles. FK phase formation was observed to
depend on the nature of the counterions and length of the alkyl tail. Using real-space electron
density reconstructions, we find that the preference for local micellar symmetry in the ¢ phase is
dictated by the extent of headgroup-counterion association. We next report the formation of a well-
ordered DDQC in oil-swollen micelles of alkylphosphonate surfactants, and we use high-resolution
small-angle X-ray scattering data to determine the space group symmetry of this quasiperiodic
structure. The formation of the DDQC was contingent on the sample-processing protocols
employed, indicating the metastability of this mesophase.

We further illustrate the non-specific nature of FK phase formation in soft materials by the
discovery of a 6 phase on self-assembly of hydrated non-ionic polyethylene-block-poly(ethylene
oxide) surfactants. For the hydroxyl terminated surfactant, access to the ¢ phase depends on sample
thermal history, indicating its metastability with respect to the A15 structure. Finally, the hydroxyl
end-group of the amphiphile was synthetically modified with ionic and strongly H-bonding
moieties. We find that strongly interacting terminal groups provide increased temperature- and
composition-windows of o phase stability. Moreover, cationically-terminated oligomers
surprisingly self-assembled into a DDQC. These findings are rationalized based on the drive to
minimize local variations in intramicellar chain-chain interactions, while maximizing intermicellar
cohesion.

These fundamental studies of the thermodynamics of micellar morphologies in solvated
amphiphiles provide insights into the general underlying principles which stabilize these complex

packings of soft reconfigurable particles.
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Preface

Chapter 1 includes a thorough overview of complex micellar phases in different classes of soft
materials with varied interaction parameters and length-scales of self-assembly. Chapter 2 explores
molecular design criteria of ionic surfactants to access Frank-Kasper phases upon minimal
hydration. The chapter has been reprinted with permission from Jayaraman A. & Mahanthappa M.
K., Langmuir 2018, 34, 2290-2301. ©American Chemical Society, 2018. Chapter 3 reports the
discovery of dodecagonal quasicrystal in the self-assembly of hydrated dianionic surfactants.
Sample preparation and experimental analyses were performed in collaboration with Dr. Tyler J.
Mann and Dr. Carlos M. Baez-Cotto. Chapter 4 describes the discovery of a FK ¢ phase in the
aqueous self-assembly of non-ionic oligomers and has been reprinted with permission from
Jayaraman A.; Zhang D. Y.; Dewing B. L.; Mahanthappa M. K. ACS Central Science 2019, 5, 619-
628. © American Chemical Society, 2019. Diana Y. Zhang and Beth L. Dewing made the initial
discovery mentioned in the chapter and the author of the thesis performed additional
thermodynamic experiments. Chapter 5 investigates the effect of end-groups on the micellar
structures formed by the non-ionic amphiphile utilized in Chapter 4. The synthetic aspects of the
work were performed in collaboration with Leah Wofford. Chapters 3 and 5 are intended to be

submitted for peer-reviewed publication.
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permission from Baez-Cotto, C. M.; Mahanthappa, M. K., Micellar Mimicry of Intermetallic
C14 and C15 Laves Phases by Aqueous Lyotropic Self-Assembly. ACS Nano 2018, 12 (4),
3226-3234. Copyright 2018 American Chemical SOCIEtY .........ccccccvveieiiiieeiciece e 51
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DPA-TMA:. (B) An LLC phase portrait of the entire temperature- and concentration-dependent
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directions indicate that the counterions are more localized along the VVoronoi cell boundaries in
the case of TMA™ (blue) than With KT (red).........cooiiiieriisis e 94
Figure 3.1. (A) Synchrotron 1D-SAXS intensity profiles for aqueous LLCs prepared by C1,PA-
Decl0, illustrating formation of canonical FCC, HCP, and BCC micellar cubic packings,
tetrahedrally close-packed ¢ and A15 phases, as well as a glassy LLP state. All data were
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Figure A3.4. 1D-SAXS intensity profiles for the LLC formed at 46.5 wt% CisE20 showing the
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Chapter 1.
Introduction

1.1 Amphiphile self-assembly in agueous solution

Supramolecular architectures resulting from self-assembly of nanoscopic building blocks
possess properties beyond those of their individual components. Amphiphiles are a class of self-
assembling molecules comprising two or more dissimilar moieties covalently bonded with each
other. Surfactants are the earliest class of amphiphilic molecules dating back to 2800 BC! and are
comprised of a hydrophilic headgroup attached to a long hydrophobic alkyl tail.? Hydration of
amphiphiles induces self-assembly, where the hydrophilic groups shield the hydrophobic tails to
alleviate unfavorable interactions with water.> Typical aggregates in dilute solution include
micelles of different shapes, such as spheres and cylinders as well as vesicles. The headgroups can
be non-ionic, (e.g., monoolein), cationic (e.g., cetylammonium bromide), anionic (e.g., sodium
dodecyl sulfate), or zwitterionic (e.g., dipalmitoylphosphatidylcholine: DPPC), and dictate the
strength of the headgroup-water interactions.* The structure of the aggregate depends on the
surfactant molecular architecture, extent of hydration, temperature, pH, and the presence of
exogenous additives, amongst other factors. Directing the aqueous self-assembly behavior of
surfactants is important for various applications in detergency, enhanced oil recovery, and
rheological modification and emulsification.? The ensemble properties that enable these
applications are derived from the structure of the self-assembled morphology of the surfactants.
Hence, a fundamental understanding of the factors that guide amphiphile self-assembly in water is
essential to realize these important applications.

The structure of the supramolecular aggregates formed upon hydration of amphiphiles can be

predicted by considering the bending and elastic energies and the interfacial tension associated with
1



the hydrophobic-hydrophilic interface. This introduction provides a brief overview of the
principles, while extensive details may be found elsewhere.>® Consider a monolayer of solvated
amphiphiles with two orthogonal principal curvatures, ¢, and c,. The curvature of the membrane
can be defined using two averaging schemes: Mean curvature H = % (c1+c2) and Gaussian curvature
K =c1Cy, such that H, K =0 for a flat layer. By convention, increasing the curvature of the surfactant
layer by bending the interface gives H, K > 0 on curving the interface towards the hydrophobic
domain and H, K < 0 for an interface curved towards the hydrophilic domain. The interface is
stabilized by a balance of three forces: interfacial tension, which drives packing of amphiphiles in
as tight as a layer as possible; headgroup pressure, which generally consists of repulsive interactions
due to electrostatic or steric repulsions between the headgroups; and repulsive hydrophobic chain
pressure, due to excluded volume interactions between the alkyl tails. At equilibrium, the stress
profile, t(z) is zero when integrated over the length of the monolayer (z).58

The total free energy of the monolayer can be expressed as: Git= Gc + Gp + Gineer, Where Ge
stems from the curvature elasticity, G, accounts for the hydrophobic chain packing and Giner
includes all interactions associated with the headgroups. The free energy contribution of membrane
elasticity is a function of the mean curvature and assumes the form: Gc = 2x(H-Ho)? + kK, where
x and xc are respectively the mean and Gaussian bending moduli of the monolayer and Hois the
mean curvature when the membrane is fully relaxed.® The moduli are a measure of the resistance
of the membrane to bend. The penalty to form surfaces with non-uniform principal curvatures is
contained in xg, which is negligible for constant mean curvature aggregates such as micelles and
cylinders.

The curvature of an interface formed by surfactants can then be understood as follows:
amphiphiles with large headgroups are forced away from each other due to the headgroup pressure.
However, the free energy penalty of increased contacts between the hydrophilic and hydrophobic
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domains and decreased cohesion between the alkyl tails forces the membrane to curve such that it
minimizes interfacial area while preventing large variations in tail packing density in the
hydrophobic domain. As the headgroup pressure increases, the amphiphiles transition from flat
layers in vesicles to high curvature cylindrical and spherical micelles. The precise free energy
calculations for measuring the extent of curvature and hence the self-assembled morphology,
require specific knowledge about all the interacting forces. While the membrane moduli®*° and
interfacial tension are experimentally accessible,* the interheadgroup interactions are generally
complex and present a challenge to perform the full analyses for all surfactants.

Israelachvili and co-workers proposed a simple geometric model based on amphiphile shape to
lump some of the complexities of the full mathematical treatment.>! The prediction of the self-
assembled morphology is based on the relative dimensions of the hydrophobic and hydrophilic
components. A critical packing parameter (CPP) was defined based on the molecular

characteristics of the amphiphile.

v
CPP=——
aply

where, v = effective volume of the hydrocarbon chain; ao = effective interfacial area per molecule
and lo = length of the fully extended hydrophobic tail. The CPP utilizes the relative geometric
volume constraints of the hydrophobic and hydrophilic components of an amphiphile to anticipate
the structure of the aggregate. Table 1.1 lists the expected supramolecular architecture based on the
CPP of a surfactant.®

Table 1.1. Self-assembled morphology as a function of CPP

Morphology
CPP < Spherical micelles

s <CPP <% Cylindrical micelles



% <CPP <1 Bilayersand vesicles
CPP>1 Inverse architectures

Amphiphiles with CPP < '5 are comprised of large polar groups (ag) and a relatively small
hydrophobic tail (v/lg), which tend to self-assemble into spherical micelles such that the tails are
accommodated in the core and the large headgroups occupy the corona. As the tail volume
increases, aggregates with larger hydrophobic volumes such as cylinders and vesicles are preferred.
At larger tail volumes and CPPs, the hydrophobic/hydrophilic interface curves towards the
hydrophilic domain due the relatively small headgroups leading to dispersed water pools in a matrix
of alkyl tails.

Although the simplicity of this model is enticing, the CPP presents multiple complications for
its effective use as a predictive tool across all amphiphile classes. The interfacial area is a strong
function of the extent of hydration and the nature of headgroups present in the surfactant. For
example, solvation of ionic endgroups presents a much greater interfacial area per chain as
compared to non-ionic headgroups at the same water content. As hydration increases the
headgroups are hydrated with a greater number of water molecules, thereby increasing ap and
subsequently the CPP, despite no change in actual the amphiphile molecular structure.
Furthermore, the use of the length of the fully-stretched chain leads to underestimation of the CPP
since the hydrophobic tails are never fully-stretched in practice.'? Nevertheless, the CPP presents
an initial prediction of the self-assembled morphology based on the surfactant molecular structure,

but it should be used with due caution.
1.2 Lyotropic liquid crystals (LLCs)

In dilute solutions, the self-assembled aggregates formed by hydrated amphiphiles remain

uncorrelated with each other, similar to disordered gas molecules. However, upon decreasing the



water content, the inter-aggregate distance decreases, leading to an increase in amphiphile-
ampbhiphile interactions. This causes the surfactants to structure into mesophases that exhibit long-
range crystallographic order, known as lyotropic liquid crystals (LLC). The cooperative self-
assembly of the aggregates prevents unfavorable inter-headgroup interactions while maximizing
cohesion among the amphiphiles. Consider the simple case of normal spherical micelles, where
lowering the water content forces self-assembly on a lattice akin to hard spheres. Decreasing the
hydration further leads to fusion of the spheres to form cylindrical micelles, which arrange on a 2D
hexagonal lattice (H,).*** Additional reduction in the water content leads to wrinkling of the
hydrophobic-hydrophilic interface, enabling formation of non-constant mean curvature
bicontinuous network phases (e.g., double gyroid: G)),> which ultimately transition to flat
lamellar bilayers at even lower hydrations (Figure 1.1).1" Further decreasing the water content leads
to the formation of inverse or Type Il LLCs, where analogous to the dilute case, the
hydrophobic/aqueous interface is curved towards the hydrophilic domain.’® The nanoscopic
ordering in LLCs has found numerous applications in drug delivery,'’1*?! rapid ion and proton
conduction membranes,?>% and as templates for mesoporous silica synthesis.?*?" A similar phase
progression has been observed for neat diblock polymers as a function of the relative composition
of the two dissimilar polymeric blocks.?®
l H, L H,
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Figure 1.1. LLC phase progression observed with decreasing water content from left to right showing the
formation of the micelles packed on a lattice (I), hexagonally-packed cylinders (H), bicontinuous structures
(e.g., G), and lamellar bilayers (L,). The mean interfacial curvature is positive for Type | mesophases and

negative for Type Il mesophases.

Hydrated micelles, analogous to hard spheres, pack into lattices such as the face-centered cubic
(FCC), hexagonally closest-packed (HCP), and body-centered cubic (BCC) structures. However,
some amphiphiles have been observed to form low-symmetry spherical packings, which involve
micelles of different sizes and aggregation numbers packed on giant unit cells.?3! For example,
the A15 structure that comprises two types of micelles arranged on a cubic lattice with Pm3n
symmetry is a common Type | LLC morphology.* Similarly, inverse micelles with sizes that vary
by 20% about the mean have been observed to arrange in Fd3m symmetry.®® These mesophases
have been recapitulated in other soft material systems such as neutral dendrons,® block
polymers,®-3¢ and giant-shape surfactants.®**!' These observations suggest universality in the
principles guiding formation of particle packings in soft matter, which remain poorly understood.

The ordered lattices formed by soft micelles mimic the crystal structures found in metallic
systems. Elemental metals typically contain atoms of one size, and crystallize into high symmetry
FCC, HCP, and BCC structures. Packing of multiple sphere sizes, pervasive in intermetallic alloys,
yields more complicated low-symmetry lattices, analogous to formation of disparate micelle size
distribution in soft materials. Remarkably, sphere packings exist in all classes of matter, span orders
of magnitude in length scales from 1 to 200 A and are stabilized by nanoscopic interaction energies
that range from strong metallic bonds to weak van der Waals forces in neutral soft materials. This
universality is intriguing and poses a fundamental problem to decipher its origins. First, it is
essential to understand how amphiphile structure and interactions affect the formation of micellar

packings in soft materials. The complexity in this endeavor arises from the initial self-assembly of
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amphiphiles into aggregates and additional inter-aggregate interactions, which dictate phase
selection. A fundamental understanding of the thermodynamics, kinetics, and mechanism of phase
formation in soft matter will hold us in good stead to establish analogies in particle packings across
hard and soft matter. Specifically, this thesis aims to determine the molecular design criteria
required for formation of low-symmetry micellar lattices in LLC assembly.

The first section explores the historical aspect of partitioning space through spheres and froth
surfaces. The insights gained from these problems are valuable to understand nanoscale phase
separation driven by unfavorable interfacial interactions between different soft material domains.
Next, a brief overview of complex crystal structures formed in intermetallic alloys is provided to
understand analogous phase formation in soft materials and to explore common themes across a
range of material classes. The next three sections extensively review the low-symmetry particle
packings observed in neutral thermotropic liquid crystals formed by dendritic molecules, giant
shape-based surfactants, and block polymers in the melt that are stabilized by van der Waals forces.
Following this, the rich micellar morphology space of LLC self-assembly of surfactants and
polymers will be considered. The principles governing the formation and thermodynamics of the
complex mesophases in all the material classes are discussed. Finally, a brief overview of the

chapters in this thesis is provided.
1.3 Historical perspective

The variety of configurations available to pack spheres in space has fascinated scientists
throughout centuries. Kepler conjectured in 1611 that a face-centered cubic packing of spheres, i.e.
stacked 2D hexagonally closest-packed layers, presents the maximal density for a periodic
arrangement of monodisperse spheres in 3D. Physically, maximal density is preferred to minimize

void space and hence, maximize the cohesive energy in the structure. A rigorous proof for the



conjecture was provided by Hales in 2005 through the process of elimination,* and was only
formalized in 2017.® The problem becomes more fascinating if two or more sized spheres are
involved.* The ratio between the sphere diameters and their relative numbers decide the maximal
possible density and can be optimized to exceed that of an FCC packing.*®

Minimal surface tessellations in 3D have presented a similar historical puzzle. This problem
physically manifests itself in soap froths, where the lowest interfacial area is preferred to minimize
unfavorable air-water contacts. Hales proved that partitioning of a plane into equal hexagonal cells
yields the least perimeter in 2D.*® The 3D analog of the problem currently lacks a formal proof.
Kelvin proposed an arrangement of truncated octahedrons of equal volumes as the optimal solution
to the problem in 1887.#” However, Kelvin’s hypothesis was formally disproven in 1994 when
Weaire and Phelan (W&P) found an arrangement of tetrakaidekahedron and irregular
dodecahedron of equal volumes to present an interfacial area that was 0.4% lower than Kelvin’s
proposed structure.*® The arrangement of the polyhedra in the W&P solution corresponds to the
Wigner-Seitz (W-S) cells in an A15 lattice.

The initial two-fold nature of packing micelles formed by amphiphiles is apparent:
maximization of packing density is preferred for cohesion of the structure, but simultaneous
partitioning of space to yield the minimal interfacial area to alleviate unfavorable core-corona
interactions is also essential. Hence, the new micellar arrangements can present insights into

optimal solutions for these historically interesting problems.
1.4 Sphere packings in metals

Metals provide a model system to understand packing of interacting hard spheres. As expected
by the Kepler conjecture, most elemental metals self-assemble into the dense face-centered cubic

(FCC) (e.g., Ca, Pt) or hexagonally closest-packed lattice (e.g., Ti, Os) to maximize the atomic



packing fraction in 3D.* The atoms in FCC and HCP packings have the largest possible
coordination number (CN) of 12 for equal-sized spheres. However, some elements, including all
the alkali metals, self-assemble into the high-symmetry body-centered cubic (BCC) structure. Note
that the W-S cell of a BCC lattice is a truncated octahedron, the initial proposed solution for the
Kelvin problem.

Dense packing of atoms with CN = 12 is possible in cubo-octahedral, twinned cubo-octahedral
and icosahedral arrangements.® The former two particle packings are the building blocks of the
FCC and HCP lattices, comprised of a mixture of tetrahedral and octahedral atomic clusters. On
the other hand, icosahedra contain only slightly distorted tetrahedra and cannot tessellate space
alone while maintaining translational periodicity on account of their five-fold rotational
symmetry.>! Frank and Kasper realized that topologically close-packed (TCP) structures containing
only tetrahedral interstitial sites may be constructed if the icosahedral coordination is supplemented

with CN =14, 15, or 16 triangulated coordination shells (Figure 1.2).52-°3 A total of 24 Frank-Kasper

(FK) phases have been identified in metal alloys and many more have been predicted in computer

Z12 Z14

simulations.?%54

Z15 Z16

Figure 1.2. FK polyhedra with Z12, Z14, Z15, and Z16 coordination environments.



FK phases involve > 7 particles situated at two or more symmetry equivalent positions on
gigantic low-symmetry lattices. The structures present a periodic space-filling strategy that uses
different permutations of the four coordination polyhedra. For example, FK o phases (P4./mnm
symmetry) observed in Fe-Cr alloys,> $-U, and g-Ta® consist of 30 atoms at five different
coordination environments, with one Z15 polyhedron and two Z12 and Z14 polyhedra each, on a
tetragonal lattice. A o phase with equal volumes of all polyhedra has been proposed to present a
more optimal solution to the Kelvin problem than the W&P structure.%® A list of binary and ternary
alloys where the 6 phase has been observed can be found elsewhere.® The FK A15 phase (Pm3n
symmetry), found CrsSi alloys,% is comprised of two atoms (Z12) arranged on a body-centered
cubic lattice and four atoms (Z14) on the face centers. The closely related Z phase (P6/mmm
symmetry) contains Z12, Z14, and Z15 polyhedra and is common in metal alloys with A4Bs (e.g.,
Zr4Als) stoichiometry.5 Anderson has used crystallographic operations such as translation,
rotation, reflection, and intergrowth to describe the relationships of the o and Z phase with the
simpler A15 structure.®?

The Laves phases comprise a subset of the FK phases that only include Z12 and Z16 FK
polyhedra. Typically, these structures are formed by alloys with AB; stoichiometry with ~20%
difference in the atomic radii.*® MgCu, and MgZn, were the first two structures studied in this
subclass. The MgCug structure, also known as the C15 phase (Fd3m symmetry), comprises of Mg
atoms on a diamond structure with Cu atoms in the corresponding tetrahedral interstices.* The C14
structure (P6s/mmc symmetry) formed by MgZn, contains an arrangement of 12 atoms on three
symmetry equivalent positions of a hexagonal lattice.®® The atoms in different symmetry positions
are represented with different colors in Figure 1.3. The C36 structure (MgNi; type, P6s/mmc
symmetry) is a double-hexagonal representation of the C14 morphology and forms the third Laves
polytype.® The ratio of the atomic radii of the elements and the alloy composition is critical for the
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formation of FK structures in metallic systems.5!

High-symmetry

packings Frank-Kasper phases Laves phases
BCC (/Im3m) 3

FCC (Fm3m) o (P4,/mnm) C14 (P6,/mmc)

Figure 1.3. Examples of some canonical, FK, and Laves phases with the corresponding crystal structures.
The different colors of particles correspond to the different symmetry-equivalent coordination environments
present in each lattice. The structure files were obtained from Mehl et al.®5 and Hicks et al.% and were

visualized using the VESTA crystallographic software.®

Figure 1.4 shows a plot of number fraction of Z15 polyhedra (fz1s) versus average coordination
of the structure (CNayg) on which all the FK phases have been marked.®® The A15 structure has the
maximum average coordination number of 13.5 with no Z15 polyhedra. The C15 and C14
structures possess the least CNayg = 13.3 and lack Z15 polyhedra. The Z phase contains the largest
fraction of the Z15 polyhedra at 2/7 with CNay = 13.429. The structures form the vertices of the
triangle with one of its bases on the x-axis, and the Z phase at the apex. All other FK phases lie
within the triangle and can be constructed entirely using a linear combination of the polyhedral

arrangements present in the A15, C14 and C15, and Z phases.*
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Figure 1.4. All the experimentally observed FK phases on a plot of fraction of Z15 polyhedra versus average
CN of the structure. The A15, Laves, and Z phase constitute the vertices of the triangle within which all the
other morphologies lie. Adapted by permission from Springer Nature: Nature Chemistry - Su, Z.; Hsu, C.-
H.; Gong, Z.; Feng, X.; Huang, J.; Zhang, R.; Wang, Y.; Mao, J.; Wesdemiotis, C.; Li, T.; Seifert, S.; Zhang,
W.; Aida, T.; Huang, M.; Cheng, S. Z. D., Identification of a Frank-Kasper Z phase from shape amphiphile

self-assembly. Nature Chemistry 2019, 11 (10), 899-905. Copyright 2019.

The observation of FK phases is not limited to intermetallic alloys. The FK A15, ¢, and Z phases
have been observed in water clathrate gas hydrates.®® The current solution to the Kelvin conjecture
is a FK phase, but other TCP structures have been identified as more optimal solutions.”>"* The
formation of A15 and C15 structures in LLCs harbinger the possibility of identifying additional FK
phases in the self-assembly of LLCs and other soft materials. The ubiquity of the FK phases
indicates universality in the periodic packing of spherical objects of different sizes in disparate

fields of study.
1.5 Micellar packings of dendritic molecules

Dendrons are a widely studied class of thermotropic liquid crystals (LCs), in which self-

assembly is governed by the spatial extent of the molecules. The structure of the amphiphiles
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resembles a tree emanating from a root (the core), where each additional set of branches forms a
new generation of the dendron.”? The primary scaffold consists of multiply substituted aromatic
groups to create the dendritic structure. The molecules are terminated using aliphatic, fluorinated,
or poly(ethylene oxide) chains to imbue an amphiphilic nature.” The convergent and divergent
synthetic strategies allow the creation of a variety of molecular shapes, including wedges,®
cylinders,” spheres,”™ and rod-coil conformations.”®” The self-assembly of dendritic molecules is
largely driven by packing of the molecular shape and less by the amphiphilic nature of the molecule.
Hence, addition of new generations results in increased complexity in the molecular self-assembly.
A variety of liquid crystalline phases have been observed in dendron self-assembly including
nematic and smectic assemblies,’>"® bicontinuous phases,’® ™ cylinders,® and spherical micelle
packed on a lattice.®-82

Percec and co-workers® and Tschierske and co-workers® independently reported the self-
assembly of dendritic molecules into an A15 structure in the 1990s. Percec’s group used gallic acid
to grow multiple generations and obtain a library of dendritic molecules with varying architectures.
Addition of singly-substituted phenyl rings in the second dendritic generation yielded flat tapered
molecules, which self-assembled into cylinders that packed on a 2D hexagonal lattice (HEX)
(Figure 1.5A). In contrast, molecules containing triply substituted phenyl rings in the second
generation acquired a conical structure, which guided self-assembly into spherical micelles that
subsequently arranged on a FK A15 lattice as shown in Figure 1.5B. The similarities between the
formation of these structures and those in Type Il LLCs are evident. Molecules with smaller
interfacial areas (lower CPP) form the cylindrical phase. Increasing the effective area (increasing
CPP) by adding additional alkyl tails, causes the dendrons to form high curvature micelles. Based
on the W&P solution of the Kelvin problem, the preference for the A15 lattice was rationalized
based on minimization of the micellar interfacial area.
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The formation of the A15 structure was elucidated through a combination of electron-density
reconstructions obtained from small-angle X-ray scattering (SAXS) data and transmission electron
microscopy analyses (TEM).3484%5 Stacking faults and grain boundaries were also identified using
TEM.® The proposed micellar assembly was isostructural to the intermetallic Cr3Si lattice and
included two micelles arranged on a body-centered cubic unit cell and six highly deformed micelles
on the faces of the cube. This arrangement of micelles was similar to that proposed for the Type |
lyotropic A15 structure.?

The phase behavior of the dendrons depended on the volume pervaded by micellar cores relative
to the aromatic corona.®? Changing the ~COOH moiety of the A15 forming dendron to either high
M, polystyrene (PS) or poly(methyl methacrylate) (PMMA) groups triggered self-assembly into a
HEX morphology instead of an A15 structure. However, using lower molecular weight polymers
led to recovery of the original phase behavior. The large volume occupied by the polymer chains
in the core decreases the effective molecular asymmetry of the dendrons. As a result, the amphiphile
shape becomes less conical causing the molecules to pack on the lower curvature cylindrical phase.
The addition of polymer chains to the dendritic molecules is analogous to decreasing the CPP of
an amphiphile forming inverse phases by increasing the size of the headgroups.

Molecules containing additional dendritic generations formed cones with larger base diameters.
The fourth generation dendrons, where the molecular shape was almost spherical, yielded an A15
structure with decreased long-range order as compared to the second and third generations.® The
apparent barrier to ordering was rationalized based on the dependence of the aggregation number
(Nagg) Of the micelles on the size of the molecules. The fourth-generation molecule exhibited an
average of two molecules per micelle as compared to 12 and six for the second and third generations
respectively. The calculated taper required for packing two fourth generation molecules into a
micelle deviated from the actual taper of the molecule, which was argued to increase the penalty

14



for FK phase formation.

Figure 1.5. Mesophases formed by thermotropic dendritic gallic acid-based liquid crystals as a function of
the molecular shape. (A) Singly-substituted phenyl-ring affords a flat-tapered molecule which self-assembles
into a 2D hexagonal phase. (B) Increasing the number of substitutions yields conical molecules that form
spherical micelles with a hydrophobic corona and a hydrophillic core that arrange on an Al5 lattice.
Reprinted (adapted) from Balagurusamy, V. S. K.; Ungar, G.; Percec, V.; Johansson, G., Rational design of
the first spherical supramolecular dendrimers self-organized in a novel thermotropic cubic liquid-crystalline
phase and the determination of their shape by X-ray analysis. J. Am. Chem. Soc. 1997, 119, 1539-1555.

Copyright (1997) American Chemical Society.

Concurrently, Tschierske and co-workers studied the self-assembly of phenyl-N-methyl
glucamide, where the aromatic ring was substituted with one, two or three dodecyl chains. The
thermotropic behavior of the triply-substituted phenyl ring exhibited the following phase
progression with increasing temperature: Crystalline — Cubic lattice — Disorder (Figure 1.6).8

The cubic structure was later identified as A15 using SAXS®” and the phase behavior of the
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molecule was mapped systematically as a function of the number and length of the alkyl tails.®
The micellar structure was accessible only for molecules comprising triply-substituted alkyl tails
with nine or more carbons. Decreasing the length and the number of hydrophobic tails is equivalent
to lowering the CPP of an amphiphile forming Type Il LLCs, which is expected to destabilize
micellar structures.® Increasing the length of the hydrophobic tail also resulted in the formation of
larger A15 unit cells with higher order-disorder transition temperatures (Topt). Additionally, an
unknown micellar structure was obtained in these systems, which was observed to be sensitive to
the sample preparation protocol.®° The structure was metastable and was prone to recrystallization
after extended time periods. Despite the rich mesophase behavior displayed by this class of

carbohydrate-derived liquid crystals,® the observation of new micellar structures has been limited.
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Figure 1.6. Triply-substituted carbohydrate-derived molecules that were observed to form the A15 structure.

The three alkyl chains render the molecule conical analogous to Percec’s dendrons.

Alternatively, the micellar self-assembly of Percec-type dendrons has been extensively studied
and has led to the discovery of a variety of new structures.®® A BCC structure (Im3m symmetry)
was discovered in the self-assembly of poly(ethyleneimine) with pendant dendritic groups (Figure
1.7).” The structure melted into a disordered solution of micelles when heated to 131 °C with no
intervening phase transitions. The rationale for the preference of a BCC structure instead of an A15

lattice is not clearly apparent. It possibly stems from the ionic core group, which increases the
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interfacial area per chain. As discussed later in sections section 1.7 and 1.8, the effective amphiphile
area is greater for micelles in the BCC structure than the A15 phase in both neat diblock polymers
and aqueous LLCs.

The BCC packing was also discovered in the wedge-shaped dendrons, where the Al5
arrangement was initially observed. The micellar sizes, Toprts and order-order transition
temperatures (Toots) of the BCC and A15 structures formed in the wedge-shaped dendrons can be
modulated by addition of new dendritic generations,’® increasing the length of the alkyl tails in the
corona,® or by adding ionic interactions in the core.®>* The carboxylic acid group (Figure 1.5B)
was deprotonated with alkali metal hydroxides to introduce intra-core electrostatic forces. The
general phase progression: HEX — A15 — BCC — Dis was observed with increasing temperature
for dendrons containing dodecyl tails and alkali metal cations except Li*. Molecules with lithium
carboxylate cores or alkyl tails with > 14 carbons only formed HEX and BCC structures, with two
exceptions. Amphiphiles with tetradecyl tails containing Rb* and Cs* counterions form Al5
structures. The extent of headgroup-counterion dissociation controls the deformability of micellar
cores, which was deemed an essential parameter affecting complex phase formation in polymers
and lyotropic liquid crystals (See Section 1.7 and Chapter 2 for details).** The larger Rb*and Cs*
ions are highly dissociated, forming rigid cores lined with repulsive carboxylate headgroups. The
formation of an A15 lattice can then be rationalized based on the W&P solution of the Kelvin
problem to partition space with minimal interfacial area to reduce unfavorable interactions between

the ionic core and the lyophilic corona.
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Figure 1.7. Poly(ethyleneimine) with pendant dendritic groups that form micelles with an ionic core that

self-assemble into a BCC lattice.

In 2003, Ungar, Percec and coworkers discovered the formation of a new structure in the self-
assembly of third-generation wedge-shaped dendrons with dodecyl peripheral groups and a
carboxylic acid core (Figure 1.8A).%® Note that molecules with ~CH,OH core only formed the A15
structure and the new mesophase was not observed. This amphiphile belongs to the same family of
molecules shown in Figure 1.5B. The new structure was obtained at temperatures intermediate to
the A15 and BCC structures. Powder and single-domain SAXS analyses indicated the formation of
a thermotropic LC FK o phase (Figure 1.8B).%® The single-crystals were grown by slow cooling
from the disordered state. Electron density reconstructions obtained from SAXS data confirm the
presence of 30 micelles at five symmetry-equivalent positions on a tetragonal unit cell with CN =
12, 14, and 15 in accordance with FK topology (Figure 1.8D).

The formation of the ¢ phase was rationalized based on the ideal taper of the conical dendron
to form the micelle sizes required for the TCP structure. However, the model based on molecular
shape could not discern a difference in stability between the A15 and o phases.®® The FK o and
A15 structures in metals are formed by alloys where the sizes of atoms only marginally differ.50-5
The low Nagg of the micelles formed in these systems prevent subtle changes in micellar size. For
example, the A15 structure formed by the molecule shown in Figure 1.5 exhibits <Nagg> = 6, SO
adding or subtracting one molecule from a micelle will result in a ~16% change in micellar volume.
However, the 6 and A15 structures display a particle size variation of less than = 9% about the
mean. Hence, the formation of these phases in dendritic systems is tolerated due to this minor
disparity in micelle-sizes which is overcome by non-uniform deformation of the particles at
different symmetry positions.®” The observation of dendron-based ¢ and A15 structures with Nagg
< 5 lends additional support to this hypothesis.%-1%
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Figure 1.8. (A) The third-generation dendritic molecule that forms a ¢ phase at temperatures intermediate to
the A15 and BCC structures. (B) 1D SAXS pattern obtained from a polycrystalline sample of the ¢ phase.
(C) Diffraction patterns obtained along the <001> and <010> directions of a monodomain of the ¢ phase
grown by slowly cooling from the high temperature disordered state. (D) Electron density maps obtained for
the dense (z = 0,1) and sparse (z = %, %) layers of the o phase. From Ungar, G.; Liu, Y.; Zeng, X.; Percec,
V.; Cho, W. D., Giant Supramolecular Liquid Crystal Lattice. Science 2003, 299 (5610), 1208-11. Reprinted

with permission from American Association for the Advancement of Science.

As dendrons self-assemble, organization at length scales below that of the self-assembled
structure also emerge. Percec et al. illustrated the formation of chiral aggregates that self-assembled
into A15 and o phases.%*1%2 Micelles formed by achiral dendrons were observed to be chiral but
racemic, while inherent chirality of the molecules led to amplified chirality in the micelles. An
orientational memory effect was also observed for BCC — HEX% and A15 — HEX transitions.!%
105 Cooling a monodomain of BCC aligned along the <111> direction yielded the expected epitaxial

relationship with the <10> direction of the cylinders phase. However, repeated heating and cooling
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cycles led to broadening of the (10) reflection in the SAXS patterns obtained from the HEX
morphology, indicative of hysteresis from partially mismatched cylinder orientations. The A15
structure yielded three orientations of cylinders corresponding to the micelles on the face-centers
of the cubic lattice. Other dendronized architectures including rod-coil conformations’” and
dendronized nanoparticles'® have been reported to form complex spherical morphologies.
However, no close-packed structures (FCC/HCP) or Laves phases have been observed in dendritic
systems. The absence of the C14 and C15 morphologies probably stems from the low Nagg Of the
micelles, which precludes a large variation in micelle sizes while maintaining constant mass

density.
1.6 Micellar self-assembly of giant-shape amphiphiles

FK phases can be visualized as periodic packing of distorted tetrahedra, where the particles
occupy the vertices of the polyhedron. Simulations from Haji-Akbari et al.}*” and Damasceno et
al.1%8 jllustrated the ability of hard tetrahedra to self-assemble into various low-symmetry structures,
including a o phase. Inspired by these results, Cheng and co-workers synthesized tetrahedral
analogs using soft-material building blocks and studied their self-assembly behavior.®® Four
polyhedral oligomeric silsesquioxane (POSS) cages were covalently tethered to each other using a
rigid linker consisting of a tetraphenyl methane group. POSS cages were rendered hydrophobic by
complete substitution with isobutyl groups, whereas hydrophilic cages were obtained by using
terminal —OH and —COOH groups (Figure 1.9A). A combination of the two types of cages was
utilized to synthesize amphiphilic tetrahedra.

The phase behavior of the ‘soft’ polyhedra was governed by the relative positions of the
hydrophilic and hydrophobic POSS cages. Molecules containing one hydrophilic cage attached to

three isobutyl substituted cages initially self-assembled into crystalline lamellae (Figure 1.9D).
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Heating the structure above the melting temperature (Tm) of the POSS cages leads to the formation
of micelles that arranged on a A15 lattice as evidenced by the corresponding 1D SAXS trace (Figure
1.9B). TEM analyses of the cubic FK phase revealed the formation of two different sphere sizes
with a 4-16% variation in their volumes. Figure 1.9C shows the Fourier-filtered TEM image
obtained along the <100> direction of the A15 lattice. The observation of two coordination
environments is expected for the cubic structure and the authors calculated an average of 38 and 50
tetrahedra in the two different micelles. This observation is in stark contrast to the A15 structure
formed by wedge-shaped dendrons where Nagg < 15. The stability of the mesophase in the POSS-
containing molecules was argued to stem from strong H-bonding interactions in the hydrophilic
cores of the spheres. Weakening the intra-core interactions by using a —OH substituted hydrophilic
POSS cage leads to the formation of a high-symmetry BCC structure. The decreased intermolecular
forces within the core possibly reduces the enthalpic gain due to reduced interfacial area afforded
by packing the micelles into an A15 structure. Moreover, any other permutations of the relative
number of hydrophilic and hydrophobic cages yielded tetrahedra that remained semicrystalline or
exhibited the formation of canonical lamellar, HEX or double gyroid phases.*® Note that all samples
were annealed for extended time periods above the melting point, after which they were quenched

in N2 to prevent recrystallization of the POSS cages.*
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Figure 1.9. (A) A substituted POSS cage. Use of an isobutyl terminating group yielded a hydrophobic cage
whereas substituting with the carboxylic acid or hydroxy groups made them hydrophilic. (B) Azimuthally-
integrated SAXS profile obtained for the A15 structure formed from self-assembling tetrahedra. (C) Fourier-
filtered TEM image of the FK phase along the <100> direction. (D) Formation mechanism of the A15
structure. The hydrophobic POSS cages initially crystallize to yield lamellae, which upon melting form
micelles that self-assemble into the cubic structure. From Huang, M.; Hsu, C. H.; Wang, J.; Mei, S.; Dong,
X.; Li, Y.; Li, M,; Liu, H.; Zhang, W.; Aida, T.; Zhang, W. B.; Yue, K.; Cheng, S. Z., Selective Assemblies
of Giant Tetrahedra via Precisely Controlled Positional Interactions. Science 2015, 348 (6233), 424-428.

Reprinted with permission from American Association for the Advancement of Science.

The molecular asymmetry achievable in a tetrahedron is limited by the angular positioning of
the four POSS cages. Yue et al. circumvented this problem by tethering PS chains at a single
position on the POSS cage.*® A library of giant-shape surfactants was synthesized with one to four

PS chains of varying molecular weights to systematically modulate the molecular asymmetry. The
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molecules containing three and four PS chains self-assembled into the FK A15 and ¢ phases upon
extended annealing above Tr of the POSS cages and Tg of the PS domains (Figure 1.10).%° The
authors observed no order-order phase transitions at elevated temperatures for any of the structures.
The micelles formed by these molecules consist of rigid POSS cores with relatively flexible
coronae.

Consider the mesophase formation for surfactants containing four PS chains as shown in Figure
1.10A. The following phase progression was observed with increasing PS molecular weight
(volume fraction): HEX — A15 — ¢ — BCC (Figure 1.10). The inset cartoons for Figures 1.10B,
C, D, and E represent molecules containing successively larger PS chains. This phase progression
with increasing molecular asymmetry is reminiscent of the complex micellar phase behavior of
hydrated surfactant LLCs with increasing water content (see Section 1.8 and Chapter 2),31:33.95.109
Since the length of the PS chains dictates the Nagg, the average micelle size necessarily needs to
change for each structure.!® Brownian dynamics simulations revealed that the change in particle
size in the neat giant-shape surfactants was effected by intermicellar chain exchange. The
simulations also captured the bimodal distribution of micelle sizes in the A15 structure and the
presence of a unimodal particle-size distribution in the BCC lattice. The authors argued for the
stabilization of the FK phases based on a subtle free energy balance between the interfacial tension
of the core and coronae and the chain stretching penalty of the PS chains.''1** This rationale has
been extensively explored in neat diblock polymer self-assembly and will be discussed in detail in
Section 1.7. Note that the more symmetric molecular architectures involving POSS cages attached
to <2 PS chains only formed the canonical lamellar (L), double gyroid (G), HEX, and BCC phases.
This observation is consistent with decreasing the effective ‘CPP’ of these molecules, leading to

formation of lower curvature structures.
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Figure 1.10. (A) POSS cage substituted with four PS chains that exhibits FK phase formation. (B, C, D, E)
The scattered intensity versus wavevector (q) plots obtained for the HEX, A15, o, and BCC structures
respectively. The cartoon inset in each panel represents the increase in PS chain length in the phase
progression: HEX — A15 — ¢ — BCC. Reprinted (adapted) from Yue, K.; Huang, M.; Marson, R. L.; He,
J.; Huang, J.; Zhou, Z.; Wang, J.; Liu, C.; Yan, X.; Wu, K.; Guo, Z.; Liu, H.; Zhang, W.; Ni, P.; Wesdemiotis,
C.; Zhang, W.-B.; Glotzer, S. C.; Cheng, S. Z. D., Geometry induced sequence of nanoscale Frank-Kasper

and quasicrystal mesophases in giant surfactants. Proc. Natl. Acad. Sci. U.S.A. 2016, 113 (50), 14195-14200,

with permission.

Cheng and co-workers have exploited the modularity of alkene-substituted POSS cages to
synthesize various architectures including pseudo-bottlebrush oligomers!*%# and conical,!>17
spherical,**1!® and pizza-slice shaped dendrons.!’®!¥® The self-assembly of bottlebrush (BB)

polymers with linearly-tethered majority hydrophobic (DPOSS) and minority hydrophilic
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(HPOSS) POSS cages was studied to investigate how the sequence of the cages and the total length
of the bottlebrush backbone guides phase formation.!** Bottlebrushes containing one terminal
HPOSS unit and multiple DPOSS units formed L, G, and HEX morphologies at low molecular
anisotropies. Increasing the number of DPOSS cages to > 3 triggered the formation of a micellar
A5 structure. However, moving the HPOSS cage to the second position of a BB containing five
DPOSS units (sequence: DHD4) led to the formation of a ¢ phase. Alternatively, the D.HDs
sequence of cages, where the hydrophilic cage occupies the third position, yields BBs that form an
A15 lattice. The formation of micelles by the BB polymers was rationalized as follows: The
unfavorable interactions between the DPOSS and HPOSS cages cause microphase separation along
the backbone of the BB. This leads to the formation of tapered cones for BBs containing sequences
with large compositional asymmetry,*** which self-assemble into micelles in a manner similar to
dendritic cones formed by Balagurusamy et al.®*3* But, the preference between the ¢ and A15
structures and the sequence-mediated control of the phase behavior is not well understood.

Percec, Ungar, and co-workers established a framework to understand the complex micellar
phase formation in dendron-shaped molecules. Cheng and co-workers synthesized analogous
POSS-based dendritic amphiphiles by covalently linking multiple hydrophobic POSS cages to a
single hydrophilic POSS unit.!*%11¢ Increasing the number of hydrophobic units progressively
changed the molecular structure of POSS-conglomerate from a linear giant-surfactant to a cone-
shaped moiety. An A15 structure was formed by molecules containing 4, 5, and 6 DPOSS cages
attached to one HPOSS cage, whereas addition of a seventh cage led to the formation of a o phase,
concurrent with results obtained for neat wedge-shaped dendrons.®® Further increase in the number
of DPOSS cages yielded a disordered state. At the limit of forming completely spherical dendrons
containing 16 or 24 POSS cages, a non-ergodic molecular glass with no apparent periodic order
was observed.*® The decrease in periodic order associated with the large molecular size is similar
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to observations made by Percec and co-workers, where increasing the number of dendritic
generations led to fewer SAXS peaks obtained for an A15 structure.®® This behavior stems from
the decrease in the Nagg Of the micelles for large amphiphiles, which prevents achieving the micelle
volume distribution required for forming FK phases. The stability of complex phases in the
dendritic giant-shape surfactants emerges from intra-core H-bonding among the HPOSS cages.
Nuclear Overhauser Effect nuclear magnetic resonance spectroscopy (NOE-NMR) revealed that
the linker moieties were largely localized within the core, which was strongly segregated from
hydrophobic DPOSS cages. The authors posit that the core regions containing the linker is
deformable and aids in the formation of the different micelle sizes required for ¢ and Al5
mesophase formation.!*® Interestingly, shifting the position of the junction of the dendrons towards
the hydrophilic POSS cage leads to disordering of the micellar structure.!!

The molecular shape and nanoscale packing of amphiphiles containing POSS cages is dictated
by the rigid moieties. Su et al. tethered six DPOSS cages to a triphenylene core forming a triangular
molecule with branched arms with lengths that were synthetically controlled (Figure 1.11A).4* At
150 °C, the shape amphiphile with the shortest linker formed micelles that self-assembled into a
FK A15 phase. Heating and annealing the sample at 170 °C for 12 h yielded a 1D SAXS trace as
shown in Figure 1.11B, which conforms to the Z phase. The Al5 and Z phases are structurally
related through a stacking fault as evidenced by the proximity of the (110) maximum of the Z phase
and the (200) reflection of the A15 structure in their respective SAXS traces.*2 The transition
between the two FK phases was observed to be thermoreversible, indicating their temperature-
dependent thermodynamic stability. However, the recovery of a pure A15 lattice upon cooling the
Z phase to 150 °C was sluggish and happened over several days.

The amphiphiles with methylene groups linking the phenyl ring with the DPOSS cages only
formed a BCC structure at 170 °C. The phase behavior of the molecules at 150 °C was not reported.
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This observation suggests that the rigid linker is essential to realize the Z phase in this class of
shape amphiphiles. In intermetallic alloys, the Z phase is characterized by a ~20% variation of
particle sizes about the mean. The micelles formed by triangular amphiphiles possessed Nagg = 3-
5, approaching the limit of Ny found in dendritic systems. The small Nagg enables such a large
variation by the intermicellar exchange of one or two molecules. However, the exact origins
directing the formation of the structure in this system are unknown. Additionally, this suggests the
possibility of forming Laves C14 and C15 phases, which exhibit similar variations in micelle size
distributions. Additionally, the absence of these morphologies in the low Nagy micelles formed by

wedge-shaped dendrons is intriguing.
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Figure 1.11. (A) POSS cages covalently bonded to a triphenylene core forming the triangular structure. (B)
1D SAXS trace obtained for the Z phase at 170 °C formed by the amphiphile with no methylene linkers.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature Chemistry - Su, Z.;
Hsu, C.-H.; Gong, Z.; Feng, X.; Huang, J.; Zhang, R.; Wang, Y.; Mao, J.; Wesdemiotis, C.; Li, T.; Seifert,
S.; Zhang, W.; Aida, T.; Huang, M.; Cheng, S. Z. D., Identification of a Frank-Kasper Z phase from shape

amphiphile self-assembly. Nature Chemistry 2019, 11 (10), 899-905. Copyright 2019.
1.7 Complex sphere-packings in neat block polymers

Block polymers comprise a class of large amphiphiles, which involve covalently linked
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dissimilar polymeric blocks. A number of varied molecular architectures can be obtained based on
the number of blocks and the different ways the blocks are linked.*?° Diblock polymers present the
simplest case in this amphiphile class, where two chains are linked at one junction point.*?* The
unfavorable enthalpic interactions between the two blocks causes microphase separation at
nanometer length scales. The morphology of the nanostructure is dictated by the entropic penalty
of stretching the individual blocks while filling space at constant density.?®2° The phase behavior
of diblock polymers is determined by the temperature-dependent interaction parameter (y ~ 1/T)
between the blocks, the segment density-normalized degree of polymerization (N), and the volume
fraction of the individual blocks defined as fa =Na/(Na+Ng), where Na and Ng are the degrees of
polymerization of the individual blocks.??> A thermodynamic phase diagram for an AB diblock
polymer obtained from self-consistent field theory (SCFT) calculations is shown in Figure 1.12.
The phases are plotted as functions of segregation strength (yN) and fa. At low segregation
strengths, diblock polymers form a disordered melt. Symmetric diblocks (fa = 0.5) microphase
separate to form lamellae at sufficiently high yN. As the volume asymmetry (fa# 0.5) is increased,
the enthalpic drive to maintain uniform mass density forces the formation of higher curvature
morphologies such as bicontinuous double gyroid (G), hexagonally-packed cylinders (HEX) and
spherical micelles packed on various lattices.'?*%* For fa < 0.5, the interface between the two
polymers curves towards the A domain whereas for fa> 0.5, the curvature is towards the B domain.
This phase behavior is analogous to that observed with increasing hydration for LLCs discussed in
Section 1.1. Given the large library of homopolymers and architectures, block polymers offer
infinite possibilities to access varied nanoscopic morphologies and aided with theory present an
expansive class of soft materials that form complex micellar arrangements.

At large volume asymmetries, individual diblock chains in the melt aggregate to form micelles
which in turn self-assemble on lattices to yield supramolecular structures.? Leibler predicted an
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arrangement of closest-packed spheres at the vicinity of the compositional order-disorder transition
(ODT) using SCFT.? In contrast, Dormidontova & Lodge predict a direct Dis — BCC transition
upon increasing the segregation strength using the strong segregation theory. The closest-packed
structure was found to be thermodynamically unstable as compared to the disordered state.'?® In
1982, a BCC packing of micelles was established in the self-assembly of asymmetric polystyrene-
block-poly(1,4-butadiene) (PS-PB) using small-angle neutron scattering (SANS) and TEM near the
Toot.?® However, Hashimoto and co-workers later reported the observation of an FCC lattice
formed by micelles of poly(1,4-butadiene)-block-poly(ethylene oxide) (PB-PEQ) for T > 200 °C in
the vicinity of ODT.??” Broad low-q features were observed in SAXS traces upon extended
annealing at high T, which could suggest some extent of sample degradation or crosslinking of the
PB cores.'?® Thus, the preferred sphere-packing near the diblock polymer ODT remains an open
guestion.

FCC arrangement of micelles has also been observed in compositionally symmetric PB-PEO
doped with PB.*?° The following phase progression was observed for the blends with increasing
temperature: BCC — FCC — Dis, where all transitions were thermoreversible. The homopolymer
was argued to relieve chain packing frustration in the coronal domain of the closest-packed
morphology. The homologous HCP structure has also been observed for the blends upon heating
the FCC structure to T = 220 °C.1® Note that the earlier report probed the phase behavior only for
T <183 °C,*?° which probably precluded the observation of the high-T HCP structure. FCC packing
contains alternating spatial arrangement of octahedral and smaller tetrahedral voids. In contrast, the
HCP lattice comprises solely octahedral voids that are linearly connected. Hence, Chen et al.
rationalized the preference for the hexagonal structure based on the increased translational entropy
of the homopolymer localized in the octahedral voids.**® Despite the high temperature employed
for sample annealing, no artifacts were observed in the obtained SAXS patterns. However, no

30



molecular characterization was reported after the scattering analyses to assess the thermal stability
of the polymer. Micellar morphologies in neat diblock polymer self-assembly remained limited to
the canonical packings until 2010.

AB diblock polymer
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Figure 1.12. Schematic depiction for an AB diblock polymer with block lengths Na and Ng. The phase
diagram as predicted by SCFT is plotted as segregation strength (yN) versus the volume fraction of A (fa).
Micellar BCC and close packings are predicted for high compositional asymmetries. Reprinted (adapted)
with permission from Cochran, E. W.; Garcia-Cervera, C. J.; Fredrickson, G. H., Stability of the Gyroid
Phase in Diblock Copolymers at Strong Segregation. Macromolecules 2006, 39 (7), 2449-2451. Copyright

2006, American Chemical Society.

Bates and co-workers were investigating the effect of blending low molecular weight poly(1,4

isoprene)-block-poly(D, L-lactide) (PI-PLA) with PLA-PI-PLA as a strategy to tune thermoplastic
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elastomer mechanical properties.®! A diblock sample with M, = 3.89 kg/mol and feLa = 0.22 that
nominally formed a BCC structure was heated above Topr and rapidly guenched to 25 °C. An
expected BCC packing of micelles was initially observed, which surprisingly transformed into a
complex scattering pattern over 37.7 h (Figure 1.13). Concurrently, a sample of polystyrene-block-
poly(1,4-isoprene)-block-polystyrene-block-poly(ethylene oxide) (SISO) exhibited a similar SAXS
trace for T = 140—224 °C. TEM analyses of the tetrablock sample and simultaneous Rietveld
analyses of the scattering pattern obtained from PI-PLA helped confirm the formation of a FK ¢

phase in block polymer melts.*
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Figure 1.13. (A) Structure of the PI-PLA diblock polymer, which forms the ¢ phase. (B) Evolution of the ¢
phase upon extended annealing at 25 °C after quenching from the disordered state. Peaks corresponding to
BCC are marked in the SAXS trace obtained at 4.7 h. From Lee, S.; Bluemle, M. J.; Bates, F. S., Discovery
of a Frank-Kasper o Phase in Sphere-Forming Block Copolymer Melts. Science 2010, 330 (6002), 349-353.

Reprinted with permission from American Association for the Advancement of Science.

The formation of a BCC structure immediately after the quench was argued based on
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minimization of loss in translational entropy of the micelles upon ordering from a disordered
state.'*> A BCC lattice contains one micellar coordination environment, which is easily accessible
from a uniformly homogenous disordered micellar melt. Packing of soft spheres on a lattice
necessitates local particle deformations to maintain constant mass density and thus maximize van
der Waals interactions between the polymeric chains.**® Lee et al. recognized that micelles formed
by diblock polymers deform and mirror the shape of the Wigner-Seitz (W-S) cell of each
corresponding lattice position.!** The deviation from a spherical micellar shape leads to an
increased enthalpic cost due to the interfacial tension between the blocks as well as an entropic
penalty stemming from non-uniform stretching of individual chains to uniformly fill space. The
sphericity of the W-S cells with volume V and surface area S was quantified using an isoperimetric
quotient 1Q = 36mV?/S?, defined such that 1Qspnere = 1. The number-averaged 1Qs of the various
lattices decreased as: 6 > A15 > BCC > FCC/HCP, which implied that the micelles in the ¢ phase
are most spherical (symmetrical). Thus, the formation of the structure was rationalized based on
the preference for greater local micelle sphericity to minimize associated penalties of interfacial
tension and chain stretching, while forgoing global lattice symmetry.113

The o phase contains micelles of five different sizes which vary by £ 9% about the mean, with
<Nagg>~ 200 for micelles formed in the PI-PLA system. Hence, the BCC — o transition necessarily
involves a mass exchange mechanism to modify the unimodal size distribution of the high-
symmetry lattice. The change in micelle-size distribution can be effected in two ways: micelle
fusion and fission, and interparticle chain exchange. Any fusion or fission of the micelles in the
BCC phase will induce a large deviation of sizes about the mean. Thus, the authors proposed
intermicellar chain exchange as the primary mechanism to achieve the requisite sphere size
distribution to facilitate o phase formation. The dynamics associated with this exchange mechanism
in diblock polymer micelles has recently been studied using X-ray photon correlation spectroscopy
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and dynamic mechanical analyses (DMA).13

The simple geometric construct of 1Q provides a basis to understand the stabilization of the o
phase over the high-symmetry BCC structure. However, any reasonable applications sought from
these complex architectures would require additional molecular design principles for diblock
polymers. Using SCFT, Shi and co-workers showed that increasing conformational asymmetry (¢)
between the blocks led to widening of the ¢ phase window for diblock polymers (Figure 1.14A).1%
Conformational asymmetry is defined as (ba/bs)? (¢ > 1), where b is the statistical segment length
of the blocks calculated at a constant reference volume. This parameter measures of the relative
difference in the stretching penalties and pervaded volume of the two blocks. Increasing & causes
the core-corona interface to curve towards the more flexible block (higher statistical segment
length) at lower compositional asymmetries, widening the sphere-forming window for fa < %.1%¢
137 The computational results were experimentally verified by the syntheses of three diblock
polymers with different & poly[ethylene-alt-propylene]-block-poly(D,L-lactide) (PEP-PLA),
polyethylethylene-block-poly(D,L-lactide) (PEE-PLA) and PI-PLA (Figure 1.14B). The less
conformationally asymmetric PEP-PLA did not form a ¢ phase in the limit of the experimental
resolution of diblock polymer compositions. However, PI-PLA and PEE-PLA both exhibited the
formation of the complex structure. Moreover, the composition window of a stable ¢ phase was
greater for the more conformationally asymmetric PEE-PLA.%

The core-corona interface prefers to be spherical to reduce the energetic penalty from interfacial
tension between the blocks at the expense of the entropic penalty incurred from the stretched chains
in the core. As mentioned previously, the formation of micellar morphologies involves deformation
of the micellar interface to adopt polyhedral shapes that mirror the W-S cell. Polyhedral interfacial
warping allows the chains in the core to be less stretched than for a spherical interface. The increase
in the chain stretching entropy of the core blocks (S ~ 1/b2)*% due to deformation of the interface
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compensates for greater enthalpic penalty incurred for a polyhedral interface for diblock polymers
with high & = (ba/bs)?. In other words, the imposition of the W-S cell on the micellar interface is
facilitated by stiff corona blocks deforming a relatively flexible core. Consequently, phases with
maximum local micelle sphericity are preferred to minimize the energy penalty stemming from
interfacial tension and non-uniform core and corona chain stretching.

Despite the qualitative agreement between theoretical predictions and experimental analyses of
the stabilization of the o phase with increasing ¢, two differences are apparent: First, the ¢ phase
could be directly accessed from the disordered state experimentally, whereas theory predicted an
intervening window of an equilibrium BCC structure. Second, the minimum ¢ value required for
stabilization of the tetragonal structure was much higher in theory (emin ~ 2.25) versus in experiment
(emin ~ 1.32). The first issue was rationalized based on the amplified fluctuation effects for these
low-N diblock polymers, which causes truncation of the phase diagram at high (yN)opr. %4

Lewis et al. sought to address the second disagreement by studying the phase behavior of
polystyrene-block-poly(1,4-butadiene) (PS-PB) for fpg = 0.18 — 0.25, between the HEX and BCC
composition windows. This system was chosen as ¢ = 1.7 for the polymer pair compared well with
the PEE-PLA diblock, which exhibited the formation of the ¢ phase over a wide composition
window. However, high-resolution synchrotron SAXS analyses of the PS-PB samples revealed a
complete absence of a ¢ phase for diblock compositions between the BCC and HEX forming
regions, consistent with SCFT predictions for ¢ = 1.7.14

SCFT assumes Gaussian chain statistics to calculate the entropic penalty of chain streching.4
But, the finite extensibility of short diblock chains presents a limitation to the assumption. This
physically manifests as an increased entropic penalty for stretching a significantly extended short
diblock polymer chain. Hence, polyhedral warping of the micellar interface is amplified to address

the additional requirement of uniformly filling space. The non-spherical micellar shape
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subsequently stabilizes the locally more symmetric 6 phase. In other words, the conformational
asymmetry of short diblock polymers is apparently enhanced due to the finite extensibility of the
short chains and the necessity to maintain constant mass density. On the other hand, long coronal
polymers decrease the imposition of the polyhedral coronal shape onto the micellar interface due
to decreased loss in the coronae chain stretching entropy. Thus, micelles have a nearly spherical
core-corona interface and prefer a BCC structure over the ¢ phase to decrease non-uniform chain
stretching.1t2

Bates and co-workers speculate that the transition where the amplification of conformational
asymmetry occurs for short chains is concomitant with the transition from entanglement to Rouse

dynamics in polymer melts. Calculation of the invariant entanglement degree of polymerization of

_ 6
a library of homopolymers: (Nx= N:f ), where Ne — entanglement degree of polymerization; v —

reference volume; b — statistical segment length of the block, revealed a universal value of N, ~
400. For PEE-PLA N, ~ 80 < 400, whereas for PS-PB, which in agreement with SCFT predictions
does not form a 6 phase, possesses N, ~ 800 > 400. Hence, the discrepancy between the predictions
from Xie et al. and experiments from Schulze et al. can be reconciled based on the ostensible
increase in the conformational asymmetry of short PI-PLA due to deviation from Gaussian chain
statistics caused by the limited extensibility of the polymer chain. In the limit of N,,~ 1, the shape
of the amphiphile dictates its self-assembly behavior as observed for solvated small-molecule
surfactants described in Section 1.8. Accessing complex morphologies at large molecular weights
will require polymer pairs with ¢ > 2.25 as predicted by SCFT. However, large molecular weights
impose severe kinetic limitations on intermicellar chain exchange'*? to achieve an ordered

structure.1%®
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Figure 1.14. Diblock phase diagrams obtained as a function of conformational asymmetry of the two blocks.
(A) SCFT predicts an increase in the composition window for the ¢ phase when ¢ increases from 2.25 to 4
for an AB diblock. Reprinted (adapted) with permission from Xie, N.; Li, W.; Qiu, F.; Shi, A.-C., ¢ Phase
Formed in Conformationally Asymmetric AB-Type Block Copolymers. ACS Macro Letters 2014, 3 (9), 906-
910. Copyright 2014 American Chemical Society. (B) The ¢ phase window is experimentally observed to
increase for diblock polymers with greater . The asymmetry values required to observe a ¢ phase
experimentally are much lower than those predicted by SCFT. Reprinted with permission from Schulze, M.
W.; Lewis Ill, R. M.; Lettow, J. H.; Hickey, R. J.; Gillard, T. M.; Hillmyer, M. A.; Bates, F. S.,
Conformational Asymmetry and Quasicrystal Approximants in Linear Diblock Copolymers. Phys. Rev. Lett.
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2017, 118 (20), 207801.Copyright 2017 by the American Physical Society. DOI:

http://dx.doi.org/10.1103/PhysRevLett.118.207801.

The formation of FK phases inherently involves arrangement of different micelle sizes on low-
symmetry lattices. Kim et al. used complex thermal processing strategies to modulate the micelle
size distribution in PI-PLA.3" Two diblock polymers IL-58-15 (M, = 5010 g/mol, fpLa = 0.15) and
IL-52-20 (M, = 4830 g/mol, feLa = 0.2), which exhibited the respective phase progressions with
increasing temperature were chosen: 6 — BCC — Dis and HEX — Dis (Figure 1.15). Cooling the
disordered state slowly led to reversible transitions to the original low-T phases. However,
quenching the samples into liquid nitrogen (=196 °C) drastically changed the phase behavior at
elevated temperatures. Heating a quenched IL-58-15 sample to 85 °C yielded a SAXS pattern that
conformed to the Laves C14 structure (Figure 1.15A). Alternatively, heating an IL-52-20 sample
to 85 °C led to nucleation and growth of the previously observed o phase. However, another
guenched sample of the same polymer exhibited the formation of a Laves C15 structure at T = 100
°C (Figure 1.15B).%” The C14 structure involves AABBAA.... stacking of interstitial triangular nets
with af... layering of Kagomé nets whereas the C15 phase is comprised of AABBCCAA... and
apy... stacking of layers.!*® These phases have been observed in phase space vicinity in
intermetallic alloys, with no established methodologies to apriori determine the thermodynamically
stable state.!**1% Hence, the observation of the two mesophases in diblock polymers of similar
molecular weights and compositions is not surprising. Furthermore, calculations using SCFT yield
free energy differences of ~ 10°ksT per chain between the various ordered structures, indicating
the complex in phase space for these diblock polymers.

The Laves C14 and C15 phases possess disparate micelle volume distributions that vary + 20%
about a mean value. In contrast, the ¢ phase exhibits a narrower size distribution of £ 9% around
the mean size. Kim et al. suggest that the large differences in the micelle core volumes of the Laves
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structures can be accommodated by the dispersity of the PLA block. Additionally, the authors posit
that violent quenching can cause micelle fission and fusion,'® which in conjunction with
intermicellar chain exchange allows the system to achieve the micelle size distribution required by
the low-symmetry structures.™*” Corresponding SCFT simulations of simplified binary AB blends
of different A block lengths indicate regions of stability for 6, A15, C14, and C15 structures as a
function of blend composition and ratio of the chain lengths of A.24314 These simulation results
have recently found experimental validity with the observation of ¢ and A15 structures in blends
of PS-PB diblock polymers containing PB core blocks of two different M,.2%®

The metastability of the Laves phases was probed by heating the samples to their respective
Toots, Surprisingly, the disordered states corresponding with different processing histories showed
incongruent q positions for the correlation hole scattering maxima.'*® Moreover, cooling the
disordered states of the C14 and C15 phases back to 85 and 100 °C led to reformation of the Laves
phases. A difference in the g* of the disordered structure factor profiles implies a dissimilarity in
the micelle-size distribution, which apparently remains unaffected upon slow heating and cooling.
This advocates for strong structuring of the disordered state, which preserves the memory of the

initial ordered structure.
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Figure 1.15. Thermal processing of PI-PLA diblock polymers. (A) Quenching into liquid nitrogen and
rapidly heating the IL-58-15 polymer leads to the formation of C14 and DDQC structures. (B) Processing

the more symmetric IL-52-20 with the same protocol yields the C15 and ¢ phases. Both samples remain
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arrested in a LLP when heated to 25 °C. From Kim, K.; Schulze, M. W.; Arora, A.; Lewis, R. M.; Hillmyer,
M. A.; Dorfman, K. D.; Bates, F. S., Thermal processing of diblock copolymer melts mimics metallurgy.
Science 2017, 356 (6337), 520-523. Reprinted with permission from American Association for the

Advancement of Science.

Micelle-forming diblock polymers exhibit a Topr for disordering of micelles from a lattice
followed by a high Tmor for mean-field micelle dissociation into individual chains.? The free chain
concentration progressively increases with temperature from Topr, until no micelles exist when
Twmor is reached. The distribution of the disordered state can be modified via interparticle chain
exchange or micelle fission and fusion, which is energetically more expensive.'*’ The authors argue
that the slow rate of chain exchange even for T > Topr possibly preserves the micelle-size
distribution obtained after the initial quench from the disordered to the ordered state, allowing
access to the metastable C14 and C15 structures after multiple heating and cooling cycles. Steurer
& Deloudi have also hypothesized the formation of multiple precursor liquid states close to the T,
of metal alloys, which exhibit complex phase formation.*®® This observation warrants additional
investigation of the disordered states of these complex morphologies across material classes.!
Understanding the structure of ‘disorder’ can provide additional insights into phase nucleation and
growth of equilibrium and non-equilibrium low-symmetry structures.

Additional complexity in block polymer self-assembly can be induced by varying the molecular
architectures to form multiblocks, star, and bottlebrush polymers.?2-12! SISO tetrablock polymers
of similar compositions and molecular weights to Lee et al. were observed to self-assemble into the
FK A15 phase'® as well as an intriguing assembly of micelles on a simple hexagonal lattice
(HEXs).'*® The following transition was observed: A15 — ¢ — Dis with increasing temperature,
which agrees well with SCFT predictions except for an intervening window of the BCC structure

between ¢ and disordered micelles.’® However, cooling the disordered state initially led to the
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formation of a BCC structure that slowly transformed into a ¢ phase upon extended annealing
analogous to observations from Lee et al.%®

Increased ¢ also enabled access to additional intermediate complex structures. Highly
conformationally asymmetric poly(dimethylsiloxane)-block-poly(2,2,2-triflouroethyl acrylate)
was reported to form well-ordered ¢ and C14 phases.’™ Recently, an A15 structure was also
reported in the self-assembly of poly(dodecyl acrylate)-block-poly(D,L-lactide) at more symmetric
compositions than the o phase.® The observation of the cubic structure at lower compositional
asymmetry than the ¢ phase has precedence in the self-assembly of .wedge-shaped dendrons,®
giant surfactants,*’ and hydrated LLCs.®* The large dodecyl pendant group drives large ¢ (> 3),
which enables compensation for the increased interfacial area of the micelles in the A15 structure
by the gain in chain stretching free energy of the core block.'*? Miktoarm architectures have also
been employed to amplify conformational and compositional asymmetries to access Al5 and ¢
phases.!*157 Takagi and co-workers observed the formation of a ¢ phase in poly(1,4-butadiene)-
block-poly(e-caprolactone) corona-doped with homopolymer PB.1*® The complex structure was
only observed for dopant M, < block M. In contrast, using a larger molecular weight of the additive
led to stabilization of only the BCC and HEX morphologies.®® The smaller additives probably
solubilize the corona, relieving the chain stretching penalty to form a ¢ phase instead of a BCC
structure.!'? In a similar vein, Mueller et al. reported the formation of 5, C14, and C15 structures
in PS-PB diblocks core-doped with PB homopolymer. This observation is expounded upon in
Section 1.8. The 6 and A15 phases have also been reported in the self-assembly of sugar-terminated
polyolefins.?6%-161 The alkyl tail consists of pendant groups, which increase the conformational
asymmetry of the molecules and help stabilize the FK morphologies.

The simple geometric argument of 1Q proposed by Bates and co-workers is insufficient to
capture the rich complex phase behavior in neat diblock polymers. Inspired by the W&P solution
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for the Kelvin problem, Kamien and Ziherl proposed that the A15 structure should be the
thermodynamic ground state of uniform self-assembling particles with a hard core and a deformable
corona of large spatial extent.'%213 Note that the 6 phase was not considered for the calculation.
Grason and co-workers used a diblock foam model (DFM) to combine minimization of interfacial
area and chain stretching penalties to mirror real polymeric systems.!*12 For short diblock
polymers the conformational asymmetry leads to deformation of the micellar cores inducing
polyhedral interfaces. At the polyhedral surface limit (PSL), the interface is warped to closely
mirror the W-S cell shape of the corresponding coordination environment. The free energy of phase
formation was calculated as functions of the entropic loss of chain stretching and the enthalpic
penalty associated with the interfacial contacts between the core and corona domains while
allowing for dissimilar volumes of the cells. The chain stretching penalty in the ordered phases
increased as: BCC < Al5 <o < C14/C15, whereas the dimensionless area increased as: C15/C14
<6 < Al15 <BCC. However, the overall free energy was minimum for the ¢ phase, insinuating its
equilibrium nature for weakly conformationally asymmetric diblock polymers. In harmony with
SCFT, results from DFM also indicated the near degenerate nature of these complex phases in
block polymers. Hence, thermal or chemical processing are viable strategies to induce kinetically
limited non-equilibrium structures. Guided by theory, materials discovery using diblock polymers
is practically infinite and provides a vast phase space for accessing complex morphologies over

varied length scales.20-121.164-165
1.8 Micellar lyotropic liquid crystals

Section 1.1 details the principles that guide phase selection in solvated amphiphiles. This section
explores the various micellar morphologies observed in aqueous LLCs and draws analogies with

phase formation in neat dendrons, shape-amphiphiles, and block polymers. The formation of
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bicontinuous LLC mesophases and their associated applications have been detailed elsewhere.1"-166-
167

Amphiphiles in water exist as unimers until the critical micelle concentration (CMC) is reached.
As unimers, the hydrophobic tails are solvated by structuring of the water molecules around them.
The entropic gain of releasing the water molecules at CMC leads to aggregation of the tails to form
micelles.® At high hydrations, micelles exist in a disordered solution, minimally correlated with
each other. As the micelle concentration is increased, the coronae of these micelles impinge with
each other, leading to unfavorable inter-coronal interactions. The increased micellar correlations
then induce self-assembly into ordered morphologies.

BCC packing of micelles has been identified in the aqueous self-assembly of ionic**31% and
non-ionic amphiphiles,'418-16% as well as in solutions of diblock polymers in a solvent selective to
one of the blocks.1’%1"* Note that BCC has not been observed as a Type Il LLC phase in aqueous
surfactant self-assembly. The closest-packed FCC structure has also been widely reported in the
self-assembly of hydrated polyoxyethylenes!#1’2 and solvated diblock polymers.t’0173176 The
formation of the BCC and FCC structures in non-ionic amphiphiles is dictated by the coronal
structure. Short corona chains yield ‘crew-cut’ micelles, which are analogous to hard spheres, and
pack on an FCC lattice to maximize the packing fraction. The molecular conformation of the
coronae chains can be changed via surfactant solvation to yield ‘hairy’ micelles. Consequently, the
micelles self-assemble into the lower packing fraction BCC lattice to reduce unfavorable
intermicellar coronal chain overlap.t’®'™* LLCs containing polyoxyethylenes typically form an
FCC structure near the lyotropic ODT, an observation that was recently rationalized.*”” At high
hydrations, the coronal poly(ethylene oxide) chains collapse onto the hydrophobic-hydrophilic
interface so as to shield the core from unfavorable interactions with the aqueous domain.t78-17
Hence, the micelles adopt an effectively crew-cut form and prefer to self-assemble onto an FCC
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lattice.

Type Il FCC packing of micelles was first reported in aqueous LLCs of soy bean
phosphatidylcholine (PC) doped with cyclohexane, isooctane, or R-(+)-limonene (Figure 1.16).1%
On the other hand, using a-tocopherol as the dopant induced the formation of a C15 structure,
which contains two differently-sized water pools arranged in a paraffin matrix with Fd3m
symmetry. The dependence of the phase behavior on the additives was rationalized based on
localization of the small hydrophobic molecules between the micelles to relieve chain packing
frustration present in an FCC structure. In contrast, a-tocopherol probably acts as a cosurfactant
due to its long hydrophobic tail, which allows for variations in micelle curvature that are required
for the formation of two micelle sizes in the C15 structure. Deng & Zhao employed an alternative
strategy to induce the formation of an inverse FCC mesophase using polar dopants.®! Addition of
ionic sodium benzoate and sodium 2-bromoethanesulphonate to LLCs containing gemini
dodecyltrimethylammonium bromide led to the stabilization of the closest-packed structure.®!
However inclusion of long chain sodium hexanoate or sodium laurate triggered the formation of a

Type 11 C15 morphology*®? analogous to findings by Mezzenga and co-workers.
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Figure 1.16. Molecular structures of molecules used in study by Martiel et al.'®°. Mixtures of PC and
limonene form a Type Il FCC structure whereas using tocopherol as the dopant leads to the formation of the
inverse Laves C15 structure.
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The HCP and FCC structures differ only in the stacking of the hexagonally closest-packed
layers. The cubic structure involves an ABCABC... stacking of layers whereas the hexagonal
lattice is comprised of the entropically less favorable ABAB... stacking.®® The packing fraction
and CN of the micelles are identical for both morphologies. However, the HCP structure (P6s/mmc)
is rare in LLC self-assembly. Clerc discovered the formation of a Type | HCP structure in the
packing of hydrated Ci2Es micelles.!®+18 Similar to the FCC lattice, the hexagonal phase was
observed at high hydrations followed by a BCC structure at lower water contents.'% Lee and co-
workers observed the formation of a metastable HCP structure by thermally quenching aqueous
PB-PEO micelles.!”™ Extended annealing caused a transformation to the homologues FCC lattice
via an intermediate randomly close-packed hexagonal structure. Formation of the HCP lattice was
rationalized based on mechanical stresses inherent in the sample and the small crystallites formed
after the violent quench.

Liu et al. reported an HCP structure in a systematic exploration of the phase behavior of
alkyltrimethylammonium surfactants with varied tail lengths and counterions.'®” Highly hydrated
phosphate, oxalate, and carbonate counterions displayed the following phase progression with
decreasing hydration: HCP — A15 — H,. Alternatively, the surfactants containing Br- and CI
counterions only formed A15 and H, morphologies. The authors argue that the micellar phase
behavior is dictated by the extent of counterion-headgroup dissociation. However, the specific
rationale guiding phase behavior in Type | ionic micelles was only established later by
Mahanthappa and co-workers.?% A HCP arrangement of Type Il micelles has been observed using
SAXS by Seddon and co-workers in mixtures containing dioleoylphosphatidylcholine (DOPC),
dioleoylglycerol (DOG), cholesterol, and water.'®8 This presents a singular example of this type of
inverse micellar packing.

The FK A15 structure has been the most prevalent Type | LLC morphology across all surfactant
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classes.'*?3132 Balmbra et al. initially identified the TCP phase in the self-assembly of
dodecyltrimethylammonium chloride at LLC hydrations intermediate between the H, morphology
and disordered micelles. The authors proposed a structure involving a BCC arrangement of rods,
which was later found to be incorrect.’® The currently accepted structure for A15 was proposed by
Vargas et al. in 1992, which involves two quasispherical micelles arranged on a body-centered
cubic lattice with six disc-shaped micelles on the face centers.?® The A15 structure formed by neat
dendrons, giant-shape surfactants, and block polymers shows an arrangement of micelles analogous
to that proposed by Vargas et al., as evidenced by TEM and real-space electron density
analyses.® %40 There is a solitary report about the formation of a Type Il A15 structure, which was
observed in aqueous LLCs of zwitterionic bis(alkyltriazolium sulfobetaine) surfactants.'®
Associated electron density reconstructions obtained from high-resolution SAXS data also conform

with the two-micelle class model (Figure 1.17).
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Figure 1.17. (A) Bis(alkyltriazolium sulfobetaine) surfactants that form an inverse A15 structure in aqueous
LLCs. (B) Azimuthally integrated 1D SAXS trace obtained from the well-ordered cubic FK phase and
indexed using Pm3n symmetry. The inset shows the 2D scattering pattern. (C) Electron density reconstruction
obtained from the SAXS data, clearly displaying the two kinds of micelles expected for the structure.
Republished with permission from Royal Society of Chemistry, from Inverse Pm3(-)n Cubic Micellar
Lyotropic Phases from Zwitterionic Triazolium Gemini Surfactants, Perroni, D. V.; Mahanthappa, M. K.,
Soft Matter 2013, 9 (33), 7919-7922; Copyright 2013; permission conveyed through Copyright Clearance

Center, Inc.

The C15 structure is a common Type Il LLC with inverse micelles of two sizes packed on a
cubic lattice. Isostructural with the MgCus,, the large micelles are situated on a diamond lattice with
the smaller micelles present in the tetrahedral voids. The structure was first discovered in the lipid
extract from Pseudomonaus fluorescens by Luzzati et al.*® The highly complex multicomponent
lipid system precludes molecular level understanding of the factors that stabilize the Laves phase.
The Fd3m structure has also been observed in LLCs of multicomponent neutral and charged lipid
mixturest’ %19 and binary non-ionic surfactants.***'% Yaghmur & Rappolt have compiled a list
of lyotropic systems that self-assemble into C15 lattices.®

The preference for the formation of the C15 morphology has been rationalized based on chain
stretching considerations as compared to the canonical phases.'®® Using real-space electron density
reconstructions obtained from SAXS data, Rappolt and co-workers showed that the soft micellar
coronae deform to adopt the shape of the W-S cell of the lattice.’® The polyhedral shape of the
micelles necessitates non-uniform chain stretching to completely fill space in the hydrophobic
domain inducing regions of packing stress at the corners of the polyhedra. Calculation of the
micelle sphericity (= 1Q*® as calculated by Lee et al.'*®) of FCC, BCC, HCP, and C15 structures

revealed that the Laves phase contains the most spherical W-S cells and hence presents the least
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chain stretching penalty among the phases considered. This argument is analogous to that put forth
by Bates and co-workers for short diblock polymers, as both systems involve filling space with
covalently bonded chains with finite extensibilities. Note that Rappolt et al. did not compare the
sphericity of C15 with the ¢ phase as the latter structure has not been observed in Type Il LLCs.

The ternary systems that stabilize the Type Il Laves phase conform to three classes: surfactant
mixtures with a co-surfactant,'®182 [_LCs with long-chain hydrophobic molecules as additives to
lower curvature phases (Hu, Pn3m),*” and LLCs containing polar additives in the core.!®® As
mentioned earlier, the co-surfactant locally segregates, probably aiding the stabilization of the two
micelle curvatures required for formation of the C15 morphology.®® The long chain additive
provides another avenue by localizing between the micelles in the hydrophobic matrix to relieve
packing frustration and locally modulate interfacial curvature. The inverse Laves phase was also
observed in LLCs of monoolein, where the core was doped with < 6 wt% of polar(amidoamine)
dendrimers. Note that the micelles in the C15 lattice differ in volume by + 20% about the mean,
which the low weight fraction of the dopant cannot fulfil. Molecular dynamics simulations showed
strong interactions between the amine groups and the monoolein headgroups in the micellar core.
The branched nature of the polar moiety possibly forces the interface to bend towards the
hydrophilic domain to maximize interactions with the headgroups inducing micelle formation.
Consequently, the micelles self-assemble into a C15 lattice as rationalized by Rappolt et al.'%
Interestingly, all single lipid systems that form the C15 Laves mesophase involve at least two lipidic
chains attached to a single headgroup®®-2® or a highly branched hydrophobic tail.***% |t is possible
that the relative spatial orientation of the lipid chains and the branches stabilize the different
curvatures corresponding to the two micelle sizes present in the structure.

Despite the ubiquity of the inverse micellar phase, Type | structures with Fd3m symmetry have
been limited to two examples, both in ternary systems. Wang et al. reported the self-assembly of
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hydrated Brij® 97 (10-oleyl ether) micelles doped with isopropyl myristate into a C15 lattice.?%!
However, the 1D SAXS intensity pattern presented for the structure exhibits only three maxima
corresponding to the (111), (220), and (331) reflections. Additionally, the relative peak intensities
are unlike what has previously been observed for the C15 morphology. Higher-resolution scattering
data are imperative for unambiguous phase assignment of these LLCs. Mahanthappa and co-
workers definitively illustrated the formation of the Laves phase in decane-swollen micelles of
tetramethylammonium decanoate using synchrotron SAXS analyses.?22® The C15 structure was
observed at LLC hydrations greater than that for the H; mesophase. Increasing the water content
further yielded a surprising discovery of a Laves C14 structure (Figure 1.18A), which consists of
12 TCP quasispherical micelles of three different volumes arranged on a hexagonal lattice
(P6s/mmc symmetry). Electron density reconstructions obtained for the two lattices clearly show
the presence of disparate micellar volumes in different coordination environments (Figure 18B).
The observation of the two structures in LLCs of similar hydrations is analogous to the observation
of these phases in phase space vicinity in neat diblock polymers as well as in intermetallic
a||0y5.37,149,204

LLCs containing tetramethylammonium decanoate show the following phase progression with
increasing water content: Hi— A15 — BCC. Addition of 40 wt% decane modifies the transitions
as: Hi— C15 — C14 — BCC, where the A15 window has been replaced completely by the Laves
phases. The matched carbon numbers of the surfactant and the hydrophobic additive has been
shown to induce localization of the dopant at the center of the micellar cores leading to an increase
in the micellar curvature.?%-2% The authors argue for a preferential segregation of decane among
the different particle classes via intermicellar exchange to yield the + 20% variation in micelle
volumes required for the formation of the C14 and C15 mesophases. This reasoning is comparable
to that of Kim et al., where the core volume disparity was hypothesized to stem from the inherent
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dispersity of the PLA block in PI-PLA diblocks.®"14

The strategy of core-doping micelles to access Laves phases has been successfully applied to
other soft material systems. Mueller et al. showed that PS-PB diblock polymer micelles doped with
PB of the same molecular weight as the PB core block self-assemble into C14 and C15
morphologies.?’” Additionally, Uddin et al. reported the formation of a C15 structure in neat diblock
polymer micelles of PDMS-PEO, with residual unreacted PDMS monomer in the core.?® In
addition to experimental evidence, Lindquist et al. discovered the formation of C14 and C15
structures in simulations containing moderately polydisperse hard spheres.?® Similarly, Engel and
co-workers found that including an evolving dispersity of hard spheres to mimic interparticle chain
exchange in MD simulations stabilizes the C15 structure as well as a complex ABi; lattice.?'? Note
that the ABasstructure has been experimentally observed in mixed micelles of PS-Pl and PS-PDMS
in diethyl phthalate, a PS-selective solvent.?!?2 These discoveries lend support to a notion of
universality in the formation of Laves phases by core-doping soft, reconfigurable micellar systems.
However, they raise gquestions about the apparent absence of a Type Il C14 mesophase, given its

close relationship with the C15 structure.
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Figure 1.18. (A) Temperature versus hydration number phase diagram constructed for aqueous LLCs
containing tetramethylammonium decanoate and 40 wt% decane using temperature-dependent SAXS
analyses. (B) Electron density reconstructions obtained for the C15 and C14 structures showing the different
classes of highly faceted micelles. Reprinted (adapted) with permission from Baez-Cotto, C. M.;
Mahanthappa, M. K., Micellar Mimicry of Intermetallic C14 and C15 Laves Phases by Aqueous Lyotropic

Self-Assembly. ACS Nano 2018, 12 (4), 3226-3234. Copyright 2018 American Chemical Society

The FK 6 and A 15 phases have been observed in neat, undiluted self-assembly of charge-neutral
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building blocks. The absence of a lyotropic ¢ phase is striking given the ubiquity of the related A15
structure in Type | LLCs. Kim et al. were investigating the lyotropic self-assembly of dianionic
bis(tetramethylammonium) decylphosphonate (DPA-TMA:;) as a model system for rheological
characterization of micellar LLCs. At low hydrations, LLCs exhibited the H, and A15 mesophases
and a BCC structure was obtained near the lyotropic ODT. However, samples with water contents
intermediate to the A15 and BCC morphologies exhibited a SAXS pattern with at least 60
instrument-resolution limited maxima that was not previously reported for any LLC mesophase
(Figure 1.19A). The pattern was qualitatively similar to traces obtained in the self-assembly of
wedge-shaped dendrons,® di- and tetrablock polymers,*®!® and POSS-based giant surfactants.*°
Crystallographic analyses of the SAXS trace indicated the formation of a lyotropic FK ¢ phase with
P4,/mnm symmetry.®! Concurrent electron density reconstructions showed the formation of the
expected tetragonal unit cell with 30 micelles situated at five different symmetry-equivalent
positions on the gigantic lattice.

The discovery of the o phase in LLCs established its universality in different classes of self-
assembling soft materials. The phase progression observed with increasing hydration A15 — ¢ —
BCC — Dis is similar to that observed for wedge-shaped dendrons and diblock polymers with
increasing temperature. The equivalency in hydration and temperature is easily understood based
on their effects on interfacial tension. At low hydration, the ionic strength of the aqueous domain
is high, leading to high interfacial tension with the hydrophobic core.® The enthalpic penalty at the
micellar interface reduces with increasing water content and decreasing overall concentration of
ions in water. Similarly, the interfacial tension between the blocks in a diblock polymer is inversely
dependent on temperature.?® Hence, the observed phase sequence in both systems runs parallel to
the decrease in interfacial tension, as dictated by hydration or temperature.

The LLCs of DPA-TMA; present a solvated, electrostatically stabilized FK phase as compared
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to the neat, undiluted van der Waals force-stabilized ¢ forming systems discussed in the previous
sections. The authors used MD simulations to understand the mechanisms that stabilize the o phase
in aqueous LLCs. Close inspection of the micellar shape from the MD simulations as well as the
electron density reconstructions showed highly deformed hydrophobic micelle cores, which faceted
to adopt the shapes of the W-S polyhedra of the corresponding lattice positions. The simulations
also showed that the counterions were localized between the micellar facets, acting as the cohesive
medium in the structure. The polyhedral shape of the micelle also implies a difference in micellar
curvature at different positions on the hydrophobic-water interface leading to energetically
expensive non-uniform counterion solvation. Inspired by the sphericity arguments of Rappolt et
al.*% and Bates and co-workers,'*® the authors calculated the sphericity of the counterion cloud
around each micelle in the MD simulations. The local ‘ionic sphericity’ followed this decreasing
trend: o > A15 > BCC, suggesting that the counterion distribution is most symmetrical in the
tetragonal structure. The stability of the o phase in LLCs is argued based on increased local particle

symmetry, analogous to explanations provided for diblock polymers.
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Figure 1.19. (A) 1D Intensity versus g traces obtained for the BCC, A15 and ¢ phases for LLCs of DPA-
TMA:. (B) An LLC phase portrait of the entire temperature- and concentration-dependent phase behavior of
the surfactant. The water content is expressed as wo = (moles of water)/(moles of surfactant). At 25 °C, the
following phase behavior is observed with increasing hydration: Hj— A15 — ¢ — BCC — Dis. (C) Electron
density reconstructions of the ¢ and A 15 phase derived from experimental SAXS data showing highly faceted
micelles in different coordination environments. Reprinted (adapted) from Kim, S. A.; Jeong, K.-J.; Yethiraj,
A.; Mahanthappa, M. K., Low-symmetry sphere packings of simple surfactant micelles induced by ionic

sphericity. Proc. Natl. Acad. Sci. U.S.A. 2017, 114 (16), 4072-4077, with permission.

The observed LLC phase behavior can then be understood as follows: as the hydration is
lowered from the gas-like disordered micellar solution, a high-symmetry BCC structure nucleates
so as to minimize the loss in translational entropy.’*? Decreasing the hydration causes the
counterion clouds of different micelles to impinge on one another causing a micellar rearrangement
to maximize cohesion. Symmetry breaking ensues and the ¢ phase is preferred in this hydration
state as the micelles in the structure have the most uniform counterion-headgroup solvation.
Lowering the water content further triggers the formation of the A15 structure as the dearth of water
to hydrate the headgroups forces the counterions to move closer to the core-corona interface,
flattening micellar curvature and destabilizing the more spherical ¢ phase.3 Hence, formation of
the high curvature tetragonal structure is induced by strong electrostatic interactions afforded by
the dianionic headgroup. Few previous studies had explored the LLC phase behavior of ionic
divalent surfactants,?*2!> and none of them used synchrotron SAXS, which is essential for
unambiguous identification of the complex structure.

The formation of FK and Laves phases present classic examples of global symmetry breaking
in the lyotropic self-assembly of amphiphiles. The formation of the complex morphologies requires
multiple micelle sizes with varying aggregation numbers. Core dopants and micelle curvature

modifiers such as co-surfactants have yielded Laves phases, which exhibit large variations in
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micelle sizes. In contrast, the A15 and ¢ phases contain micelles that involve narrower volume
distributions. The discovery of a ¢ phase in the self-assembly of ionic surfactants leads to additional
guestions pivotal to understanding complex LLC phase selection: What molecular design rules
govern Type | FK phase formation in ionic amphiphiles? Can non-ionic amphiphiles form other
FK phases in addition to the already observed A15 structure? How do the phase stabilities and
transitions compare with other soft material systems where these structures have been observed?
This thesis aims to answer some of these questions and explore the rich phase space of micellar

morphologies formed in lyotropic systems.
1.9 Quasicrystalline structures in soft materials

FK phases formed by intermetallic alloys present a glimpse into the complexity inherent to
packing hard spheres of different sizes. The periodic nature of the structures yields sharp diffraction
peaks, which are essential for definite phase assignment. This fundamental crystallographic
principle was challenged by Dan Shechtman,?*® when he obtained a 10-fold rotational symmetric
diffraction pattern from a deeply quenched Al-Mn alloy.?*” The high rotational symmetry precluded
translational periodicity in the structure.?! Levine & Steinhardt developed a model for the aperiodic
crystal and calculated the diffraction pattern, which closely matched the experimental trace. They
coined the term ‘quasicrystal’ (QC) for this class of aperiodic structures.?’® QCs involve an
arrangement of particles that possess rotational symmetry yet lack translational periodicity. The
discovery of the icosahedral quasicrystal (IQC), named for the major constituent motif of the
aperiodic structure, marked a paradigm shift in formation of ordered structures in matter.

Following the discovery of the IQC, pentagonal, octagonal, decagonal, and dodecagonal QCs
were discovered in a variety of binary and ternary metal alloys.??%?22 The 1QC, pentagonal, and

decagonal QCs have been obtained as thermodynamically stable structures.?? The 1QC is the most
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extensively studied QC in intermetallic alloys in terms of its structure, stability and formation. The
morphology involves arrangement of atoms on a 3D icosahedral cage, which breaks symmetry due
to its inability to tessellate space completely.??* The octagonal QC has only been observed in Ni-Si
and Mn-Si alloys.??® Dodecagonal QCs (DDQCs), albeit with poor order, have been obtained in
binary and ternary alloys including Ni-Cr,?%® and Ta/V-Te??’ systems. In contrast to the I1QC, all
other QCs are incommensurate in two directions. For example, the DDQC consists of quasiperiodic
ordering of particles on a 2D plane. Aside from their novelty, metallic quasicrystals are potential
candidates for applications such as low-friction surfaces,??® hydrogen storage materials, ?2° and heat
insulators,2%0-231

Mathematically, QCs can be treated as periodic crystals in nD space.’® Projections of the
structure into 3D vyields periodic morphologies, called approximants. The FK phases comprise an
important class of such periodic approximants. The alloy composition of the FK approximant
differs only slightly with respect to the aperiodic structure suggesting a close structural relationship
between the atomic arrangements. The library of periodic approximants for all QC classes in metal
alloys is vast and has been extensively reviewed elsewhere.??® This section will focus on the
formation, structure, and the approximants of DDQCs given their observation as soft material
mesophases.

The FK Al5 and o phases are periodic approximants to the 12-fold rotationally symmetric
DDQC. All three structures can be constructed using a square-triangle tiling scheme decorated with
atoms at different coordinates in the third dimension (z) (Figure 1.20).2222 The cubic A15 structure
is composed of space-filling sets of four square tiles to yield a 4* arrangement. The ¢ phase consists
repeating 32.4.3.4 tiling of space i.e. an element consisting of three triangles and two squares. The
unit cell of the two phases in tiling space has been marked with red dashed lines in Figure 1.20. In
contrast, tiling in DDQC comprises a combination of 33.4%, 32.4.3.4, 4%, and 3° tiling elements.?*

57



The 38 tiling conforms to the FK Z phase, which is also a known approximant of the DDQC. The
inability of the 12-fold symmetric structure to tile space completely causes symmetry breaking to
generate the aperiodic 2D layers, which stack periodically in the z-direction to yield a DDQC.

In 2004, Percec, Ungar, and co-workers reported the discovery of a DDQC in the self-assembled
wedge-shaped dendrons (Figure 1.21A).2® The molecules that initially formed the o phase were
observed to form the quasicrystalline structure albeit with some exceptions.**2% The following
phase progression was typically observed with increasing temperature: Crystalline — DDQC — ¢
— Dis. Slow cooling from the disordered state produced an aligned QC, which exhibited 12-fold
rotational symmetry in the 2D-SAXS patterns obtained upon impinging X-rays perpendicular to
the quasiperiodic layers (Figure 1.21B). The proposed structure of the QC exhibits three hexagonal
closest-packed layers at z = 0, ¥, and 1 each rotated successively by 30 °C with respect to each
other to form a hexagonal antiprism with one micelle each at z = ¥ and % (Figure 1.21D).%*® The
structure can be represented entirely by three tiling elements, consisting of a square and two
triangles, decorated with micelles.?* This model differs from the DDQC formed in monoatomic
liquids, where an additional rhombic tiling element was included.?¥®® No phase transitions were
observed upon annealing the DDQC at T < T, for multiple days. This observation suggests that the
QC formed in these dendritic systems is either a stable structure or a long-lived metastable state

with a large activation barrier for transformation into a ¢ phase.??%
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DDQC
33.42, 32.4.3.4, 44, and 3° tiling

Figure 1.20. Square-triangle tiling elements that form the FK A15 and ¢ phases, and the DDQC. The spheres
indicate the positions of the particles at z = 0, ¥4, %, %, and 1. The unit cells of the FK phases are marked

with red dashed lines.
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Figure 1.21. (A) Molecular structure of third generation dendron that forms a DDQC. (B) 2D-SAXS pattern
normal to the quasicrystalline layers clearly showing the 12-fold rotational symmetry. The open circles
indicate calculated reflections for a monodomain of the DDQC. (C) Azimuthally-integrated SAXS trace
obtained from a polycrystalline sample of the QC. (D) Arrangement of micelles in a hexagonal antiprism
motif of the 3D DDQC structure. The 2D layers of the QC are constructed using the three tiling elements
shown in Figure 1.20. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Nature - Zeng, X.; Ungar, G.; Liu, Y.; Percec, V.; Dulcey, A. E.; Hobbs, J. K., Supramolecular dendritic

liquid quasicrystals. Nature 2004, 428 (6979), 157-160. Copyright 2004.

Soon after, Hayashida et al. reported the formation of a DDQC in blends of ABC star
terpolymers containing PI, PS, and poly(2-vinylpyridine) blocks tethered to one junction point
blended with PS homopolymer.2* TEM micrographs revealed the square-triangle tiling consistent
with dodecagonal ordering of cylindrical micelles on a 2D plane. The ratio of the number of

triangles to squares was found to be ~ 2.309, which is typical of a DDQC. Pseudo-single domain
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scattering analyses also showed the expected 12-fold rotational symmetry. Surprisingly, eight
reflections of the pattern displayed higher scattering intensities than the remaining four, in contrast
to the oriented pattern obtained by Zeng et al. shown in Figure 1.21B. The origins for the formation
of quasiperiodic order in this terpolymer blend are not well understood. 24

The discovery of quasiperiodic order in the simpler diblock polymers followed discoveries of
the ¢ phase in in the self-assembly of di-**** and tetrablock polymers.®61°2 |n 2012, a DDQC was
confirmed using TEM and SAXS analyses in melt self-assembly of SISO tetrablocks. Note that the
block polymer had a comparable molecular weight (~ 23 kg/mol) but lower S (35% by volume)
and higher | content (56% by volume) as compared to tetrablocks probed by Lee et al., which
formed the o phase.® The samples were preannealed at 120 °C for 24 h to yield the HEXs
morphology.*>® Heating the polymer to T = 175 — 190 °C led to the development of a SAXS trace
distinct from HEXs or 6 phases. TEM micrographs obtained from the specimen showed regions of
periodic 32.4.3.4 tiling consistent with the ¢ phase. However, large areas of the image lacked
translational periodicity in the 2D plane. Fourier analyses of these regions produced a 12-fold
rotationally symmetric pattern, strongly suggesting the formation of a DDQC in block polymer
self-assembly. The co-existence of the QC with the approximant is precedented in the formation
of all classes of QCs in intermetallics.?>%?** Heating the polymeric DDQC induced a transition to a
pure o phase, which ultimately disordered at 215 °C. Interestingly, the QC reformed upon cooling
the disordered state to T = 175 — 190 °C, which calls into question the equilibrium nature of the
structure.

Following the observation of DDQCs in block polymer melts, Gillard et al. sought to gain
fundamental insights into the thermodynamic stability and kinetics of phase transformation of the
complex micellar structures in diblock polymers.?*? A PI-PLA diblock with M, = 4.6 kg/mol and
foa = 18% was quenched to different temperatures from the disordered state (Lee et al. found the
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o phase in PI-PLA with M, = 3.9 kg/mol, foLa = 28%). Quenching to 45 °C triggered the formation
of a BCC structure, which was stable upon extended annealing at the quench T. Deeper quenches
to 35 °C and 25 °C initially led to the development of peaks consistent with a DDQC. Isothermal
annealing of the sample at 35 °C induced a subsequent DDQC — ¢ transition, consistent with
observations of Zhang and Bates.?** The kinetics of this transformation were probed using DMA,
where the increase in loss modulus was used as an indicator for phase growth. The resulting time-
temperature transformation (TTT) diagram shows that the QC is metastable against the periodic ¢
phase in diblock melts (Figure 1.22).1% Remarkably, no thermodynamically stable DDQC has been
definitively discovered in intermetallic alloys.?27244

The authors suggest that the DDQC originates from a non-ergodic liquid-like packing (LLP)
state of micelles with a distribution of sizes formed upon quenching the disordered state to below
the ergodicity temperature (Teg). Metal alloys forming DDQCs have contained at least two
elements of different atomic radii. Moreover, the composition of the alloy forming the approximant
only slightly differs from that forming the QC. Hence, the formation of the quasiperiodic
mesophase in soft materials can be expected to include at least two micelle-sizes and a size-
distribution with a narrow spread. For T < Teq, intermicellar chain exchange is severely limited,
decelerating any phase transitions in the system.?® The sudden quench from high temperature is
argued to yield an arrested non-equilibrium micelle size distribution that is unable to form any
periodic structures. Hence, extending annealing of the QC is required for micelle size
reconfiguration via intermicellar chain exchange to achieve the micelle volumes required for the ¢

phase.
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Figure 1.22. Time-temperature transformation diagram obtained for micellar phases of PI-PLA constructed
using DMS and SAXS. The o phase is the thermodynamically stable structure for T < 40 °C. Reprinted
(adapted) from Gillard, T. M.; Lee, S.; Bates, F. S., Dodecagonal Quasicrystalline Order in a Diblock

Copolymer Melt. Proc. Natl. Acad. Sci. U.S.A. 2016, 113 (19), 5167-5172, with permission.

Lindsay et al. have observed an DDQC — A15 transition in binary AB and A’B blends upon
extended annealing at 180 °C.1%® Alternatively, Bates et al. observed a direct transition from the
disordered state to the cubic A15 approximant for neat diblocks.®® The A15 structure only has
square tiling motifs against the square-triangle elements of the DDQC. These observations prompt
questions about the nucleation and growth mechanisms of the DDQC, o, and Al5 structures.
Moreover, the exact rationale leading to the formation of an intermediate DDQC morphology en
route to the periodic phases from a disordered state in block polymers is poorly understood.*

A DDQC was also reported by Cheng and co-workers in the self-assembly of POSS-based giant
surfactants attached with three or four polystyrene chains as shown in Figure 1.10.%° Molecules
containing PS volume fractions intermediate between BCC and disorder exhibited a 1D-SAXS
trace similar to those obtained for dendrons and block polymers. Quasiperiodicity of the structure

was confirmed using TEM analyses. The mesophase exhibited no further phase transitions upon
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extended annealing at elevated temperatures.

Quasiperiodic ordering was also obtained in the self-assembly of dendritic molecules, which
contained one hydrophilic POSS cage attached to three hydrophobic POSS cages at one junction
point.*” In a manner similar to Gillard et al., samples were heated to disorder and quenched to
multiple temperatures to study the isothermal growth kinetics of the various phases. Quenching to
T = 110 °C leads to the nucleation and growth of a DDQC that remains stable upon extended
annealing. At a quench temperature of 125 °C, disorder — o transition is observed, with no
evidence of quasiperiodic order within the time resolution of the SAXS experiment. Avrami
analyses of the growth of the scattering maxima yielded an exponent of 1.15, which differs
drastically from 2.5 reported for ¢ phase formation in block polymers.*® The latter exponent was
obtained using evolution of the loss modulus in DMA. The origins of this discrepancy are unclear
but suggest a difference in the nucleation and growth mechanisms for the tetragonal structure in
the two soft material systems. Upon quenching the disordered state to T = 118 °C, a QC phase
initially forms, which slowly transforms to a o phase at long annealing times. The ¢ phase is
retained upon cooling to 110 °C indicating the metastability of quasiperiodic order in these systems.
The intensities of the (002) and (00002) peaks of the o and DDQC morphologies were investigated
as a function of time to construct a TTT for these dendronized surfactants. Analogous to diblock
polymers, these molecules exhibit a Teg below which phase formation is completely arrested due
to diffusion limitations. Probing the kinetics of these transformations will provide insight into
mechanisms of phase transitions between soft quasicrystals and their periodic approximants.

Soft materials have exclusively formed 12-fold rotationally symmetric quasicrystals, which
have only been found in phase space vicinity to the periodic approximants, FK A15 and o phases.
Fischer et al. presented the only exception to this observation, by obtaining 12- and 18-fold
symmetric structures in the self-assembly of hydrated PI-PEO under shear. In the absence of a
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mechanical field, the block polymer LLCs containing 15 wt% amphiphile form the FCC structure
at 25 °C. The closest-packed mesophase was shear-oriented and cooled under oscillatory shear to
yield 2D-SAXS patterns exhibiting 12- and 18-fold rotational symmetry for 15<T<20°Cand T
= 10 °C respectively. The 12-fold symmetry emerged from the 6-fold symmetric pattern of FCC
implying that the (00002) quasiperiodic plane of the DDQC is parallel to the closest packed (111)
planes of the cubic structure. Remarkably, 18-fold symmetry was later discovered in the molecular
simulations of spherical particles with varying long-range interaction lengthscales.?*® The
calculations also illustrated the formation of 10-fold and 24-fold rotationally symmetric structures,
which have not yet been experimentally realized in soft materials.

Despite the discoveries of DDQCs across various soft materials classes, some questions remain
unanswered. The origins of the stability of soft quasicrystals are unclear and the complete lack of
icosahedral quasiperiodic ordering in soft materials is surprising given its ubiquity in intermetallic
alloys. Lifshitz & Diamant suggested that three-body interactions at two length-scales are required
for the formation of soft QCs.2*” Soft micelles formed by amphiphiles involve a length-scale
associated with the volume exclusion of the core and a longer, more diffusive length scale
associated with inter-coronal interactions. Simulations show the formation of 12-fold rotationally
symmetric quasicrystalline order of deformable cores with varying interaction corona potentials,
lending support to the hypothesis.®":2482%0 However, in the case of diblock polymers and hydrated
LLCs, the micelles also readily reconfigure their sizes by chain exchange to achieve a distribution
conducive for the formation of a QC. The chain-exchange mediated mechanism of complex phase
formation and stabilization in soft materials has been scarcely explored in theoretical
simulations.?® Molecular design criteria informed by simulations will augment the dependence on
serendipitous discoveries of new complex morphologies.

The formation of large-length scale quasicrystals will provide opportunities for their
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applications as wave guides and photonic crystals.?1252 However, the exact structure of DDQCs
formed by soft materials has not yet been definitively determined.?* High quality scattering data
in conjunction with real space imaging will be essential to unambiguously determine micelles
positions in the mesophase. Additionally, the principles governing the nucleation and growth of the
QC are poorly understood. Information about the critical nuclei shape and size, epitaxial pathways
for phase formation, and lattice defect formation mechanisms are also imperative to control the

kinetically-limited phase behavior of soft materials.??
1.10 Conclusions and Outlook

Over the last two decades, the universality in the formation of complex micellar morphologies
in soft materials has been well-established. Low-symmetry packings result from a strong preference
for maximizing local particle symmetry while filling space at constant density. Amphiphile design
principles to access new mesophases have been extensively investigated in neat, neutral
amphiphiles including dendritic molecules, POSS-based shape surfactants, and block polymers.
Quasiperiodic orderings of micelles have also been identified as long-lived metastable states in
these systems. Self-assembly of solvated amphiphiles has yielded the FK ¢ and A 15 structures as
well as the Laves C14 and C15 phases. However, design rules for molecular motifs that induce FK
phase formation in Type | LLCs are lacking. The ¢ phase has only been observed in hydrated ionic
ampbhiphiles, whereas the closely related A15 structure is prevalent across all amphiphile classes.
Moreover, despite the observation of the periodic approximants, no lyotropic QCs have been
reported. Insights into phase formation and stability across soft material classes will pave the way
for utilizing these mesophases for real-world applications.?®-%! This thesis aims to establish
molecular design criteria for ionic and non-ionic surfactants to enable access to complex

morphologies and tune their relative thermodynamic and compositional stabilities.
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Chapter 2 details the investigations into the molecular design of anionic surfactants to access
the FK o phase in aqueous LLCs. The stability of the micellar morphologies is assessed as a
function of the headgroup, associated counterions, and length of the alkyl tail. Electron density
reconstructions are utilized to ‘locate’ the counterions in the hydrated matrix and correlate their
positions with the observed phase behavior. The extent of headgroup-counterion association is
argued to drive phase formation by modifying the local micelle curvature.

Chapter 3 reports the discovery of a lyotropic dodecagonal quasicrystal formed by n-decane
swollen micelles of bis(tetramethylammonium) alkyl phosphonate. The well-ordered aperiodic
structure showed over 10 sharp scattering maxima, which allowed the assignment of a 5D space
group for the morphology. The thermodynamic stability of quasiperiodic order is investigated by
different sample preparation protocols, indicating the inherent complexity in lyotropic phase
formation and the metastability of this soft aperiodic crystal.

Chapters 4 and 5 are aimed at understanding the micellar phase formation in non-ionic
ampbhiphiles. The temperature- and concentration-dependent phase behavior of short polyethylene-
block-poly(ethylene oxide) is explored. Thermal processing of an A15 forming LLC yielded a
metastable FK ¢ phase. The parameters affecting the stability of the tetragonal structure are
investigated and a mechanism to explain the apparent metastability is suggested. In Chapter 4, the
hydroxy endgroup of the diblock oligomer is synthetically transformed into a carboxylic acid, ionic
sodium sulfonate or ammonium chloride group. The LLC phase behavior of the end-group
modified amphiphiles is thoroughly investigated using SAXS. The different molecular interactions
induced changes in the relative thermodynamic stabilities and composition windows for all the
micellar morphologies including the FK ¢ and A15, and the canonical BCC and FCC structures.
Moreover, a DDQC is obtained in the self-assembly of the trimethylammonium
chloride-terminated amphiphile.
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Chapter 2.
Counterion-Dependent Access to Low-Symmetry Lyotropic Sphere Packings
of Ionic Surfactant Micelles

Reprinted from Jayaraman A. & Mahanthappa M. K., Langmuir 2018, 34, 2290-2301.

https://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00903

©American Chemical Society, 2018
2.1 Introduction

Amphiphilic molecules, comprising polar headgroups covalently linked to nonpolar
hydrocarbon tails, self-assemble in water to minimize unfavorable hydrophobic/water contacts
while optimizing headgroup hydration.® The myriad of useful properties of these hydrated materials
stems from the specific morphologies of their supramolecular assemblies, which include spherical
and wormlike micelles and bilayer vesicles.?>* Aqueous dispersions of wormlike micelles find
widespread applications as rheological modifiers in diverse contexts, including enhanced oil
recovery and personal care product formulations due to their viscoelastic properties.?>?>” Spherical
micelles and vesicular structures also find applications as stabilizers and encapsulation agents in
therapeutic delivery applications.?02%26° The noncovalent assemblies formed by hydrated
surfactants delicately balance the interfacial tension between the hydrophilic and hydrophobic
domains against steric and electrostatic repulsions between the hydrophilic headgroups.®11:261-262

The self-assembled structures formed by ionic surfactants depend sensitively on the structures
of their hydrophobic tails, the counterion-headgroup pair chemistries, and the extent of their
hydration.>812261 Highly dissociated surfactant counterions induce electrostatic repulsions between
adjacent headgroups situated at the hydrophobic/hydrophilic interface, leading to the formation of
high-curvature spherical micelles.?® On the other hand, counterion association with the interfacial

headgroups mitigates such electrostatic repulsions and enables the formation of flatter-curvature
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aggregates such as cylindrical micelles, bilayers (lamellag), and vesicles.?632¢* However, the
hydrated headgroup arrangements must also allow packing of the surfactant hydrocarbon tails at
nearly constant density while minimizing their unfavorable interactions with water.81? At low
hydrations when the surfactant counterion and headgroup are closely associated, the interfacial
tension between the salty aqueous and hydrophobic domains is high. Thus, the surfactant tails
stretch away from the interface in a manner that leads to tight intermolecular packings into low
mean-curvature aggregates. If instead the counterion and headgroup are highly dissociated, then
the interfacial tension between the hydrophobic and hydrophilic domains is lower and highly
curved spherical micelles form.*?% Thus, judicious pairing of headgroup-counterion chemistry
with hydrocarbon tail structure offers opportunities for subtly tuning the preferred interfacial
curvatures of these supramolecular structures and their consequent properties.®

At low surfactant concentrations in water above the critical micelle concentration, dielectric
screening of interactions between micelles results in the absence of long-range intermicellar
correlations. Dehydrating these micellar dispersions beyond a critical concentration leads the
counterion clouds around the micelles to impinge and to induce cohesion, resulting in the formation
of lyotropic liquid crystals (LLCs). LLCs are supramolecular assemblies that exhibit periodic
nanoscale order, the morphologies of which depend upon the concentration, temperature, and
pressure at which they form.18266-268 \Well-known LLC morphologies include lamellae (L),
bicontinuous network phases (N), hexagonally packed cylinders (H), and spherical micelle
packings (). In a manner similar to the dilute solution-phase behavior of ionic amphiphiles, the
self-assembled structures of LLCs primarily reflect the chemical structure of the surfactant, the
degree of its solvation, and the temperature. LLCs are classified by the curvature of their
hydrophobic domains: type | LLCs exhibit convex hydrophobic interfaces, whereas the

hydrophobic domains are concave in type Il structures.?®® The hydrophilic/ hydrophobic domain
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interfaces in these nanostructured assemblies are lined with the surfactant headgroups and their
counterions, which endow them with unique properties. H- and N-phase LLCs have found
applications as water-purification membranes,?>?"° structured ion-conducting electrolytes, 27
templates for mesoporous materials syntheses, 227224 and therapeutic delivery vehicles,20:259-260275

A recent review by Shearman et al. cataloged the bewildering array of LLC sphere packings
observed to date.*? By analogy to colloidal hard sphere packings and metallic crystals,* micelles
can self-assemble into high-symmetry body-centered cubic (BCC), high-packing-fraction face-
centered cubic (FCC), and hexagonally closest-packed (HCP) LLC sphere phases. However, the
deformability of soft spheres also enables deviations from their preferred spherical particle
symmetries, which facilitate their packing into complex, low-symmetry phases.''*%2 For example,
Balmbra et al. first reported a type | cubic micellar LLC packing with Pm3(-)n symmetry.'® Vargas
et al. later elucidated the structure of this complex type | phase?”®as a tetrahedral close packing of
two spherical and six platelet micelles into a cubic unit cell, which mimics that of the CrsSi
intermetallic A15 structure.*® In type I LLCs, A15, FCC, BCC, and HCP sphere packings are well
documented.®2 Pioneering work by Seddon and co-workers has also established that certain natural
lipids form type Il aqueous LLCs with Fd3(—)m symmetry.?’"2"® The latter structure has eight
reverse micelles situated at the positions of a cubic diamond lattice, wherein the remaining
tetrahedral interstitial sites are filled with tetrahedral groupings of smaller reverse micelles. This
so-called C15 phase mimics the MgCuz intermetallic structure.*® We note that the Fd3(—)m structure
is ubiquitous in type Il LLCs, with only relatively recent reports of inverse FCC,* HCP,!® and
A15 phases. Notable common features of both of the A15 and C15 LLC sphere packings include
the formation of giant, low-symmetry unit cells containing =8 micelles of different and discrete
volumes.

The aforementioned micellar LLC sphere packings belong to a broader class of tetrahedrally
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close-packed structures known as Frank-Kasper (FK) phases, which were first identified over 50
years ago in metals and their alloys.*® A defining feature of these complex, low-symmetry phases
is that their lattice sites exhibit either 12-, 14-, 15-, or 16-fold coordination.® Thus, the
aforementioned A15 and C15 LLCs represent the first examples of FK phases observed in soft
materials, and until recently, these were the only FK LLC phases known. Over the last 15 years,
FK phases have been observed in amphiphilic systems in the absence of solvents, including
thermotropic liquid crystals based on wedge-type dendrons,®°1:27in giant shape amphiphiles,*014
and in linear diblock and multiblock polymers.3-37.9152 percec, Ungar, and co-workers have
elucidated the detailed structures of the FK phases formed by families of wedge-type dendrons
using electron microscopy and X-ray diffraction,3+737584280-282 These phases are recognized as
periodic 3D approximants of quasicrystals.'5°2%* Quasicrystals exhibit local rotational symmetry,
yet they are devoid of long-range translational order.?’ By virtue of these structural relationships,
dodecagonal QCs have been observed in these amphiphilic self-assembled materials?0152.235.242-243
and in micellar solutions of nonionic diblock polymers.17®

Kim et al. only very recently reported that the hydration of bis(tetramethylammonium)
decylphosphonate (DPA-TMA;) drives the formation of an exceptionally well-ordered and
previously unknown type | FK o LLC phase with P4,/mnm symmetry (Figure 2.1).3! The lyotropic
o mesophase exhibits a large, low-symmetry unit cell containing 30 quasispherical micelles, which
belong to five different symmetry-equivalent classes each with discrete aggregation numbers. This
unusual structure, which mimics that of B-tantalum, B-uranium, and FessCrssalloys,* represents the
LLC analog of previously reported thermotropic dendron and block polymer phases.3**¢ The
formation of FK o phases in wedge-type dendrons block polymers, and conceptually related type

I1 C15 LLCs has been argued to stem from filling space with uniform density while maximizing
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the spherical symmetry of the inverse micelles.!*1% In other words, these amphiphilic materials
adopt structures that minimize differential molecular stretching known as packing frustration (or
lipid tail frustration) within the 7s-77 hydrocarbon matrix phase.1%-283-28 |n type Il LLCs, it is known
that the addition of hydrophobic additives can relieve packing frustration and enable access to other
phases.’® However, such arguments do not apply to type I LLCs, in which the normal micelles
surrounded by water make no van der Waals contacts. Kim et al. instead rationalized the formation
of type | FK A15 and o phases as maximizing electrostatic cohesion between the micelles while
minimizing variations in surfactant counterion- headgroup hydration.® Since only one example of
an FK LLC o phase has been reported to date, amphiphile design criteria that facilitate reliable

access to these structurally complex packings are unknown.

q
£
Frank—Kasper ¢ phase A15 phase
P4./mnm symmetry Pm3n symmetry
30 particles per unit cell 8 micelles per unit cell

Figure 2.1 (A) Chemical structure of dianionic surfactant DPA-TMAZ2, which (B) forms tetrahedrally close-
packed aqueous lyotropic Frank— Kasper ¢ and A15 mesophases. In the low-symmetry ¢ phase unit cell that
contains 30 particles, 5 discrete micelle sizes spontaneously form to maximize electrostatic cohesion in the

LLC while minimizing variations in surfactant hydration.

In this report, we investigate the synthesis and aqueous LLC phase behaviors of dianionic
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surfactants in order to identify molecular motifs that drive the formation of complex FK
mesophases. Our studies focus on homologous 2-alkylmalonate surfactants (C.Mal-M>) in which
the dicarboxylate headgroups carry charge-compensating counterions M = K*, Cs*, or (CH3)sN*
(TMA®). By mapping the water concentration dependent LLC phase behaviors of these amphiphiles
using temperature-dependent X-ray scattering, we demonstrate that access to the FK o phase
crucially depends on the nature of the counterion and the degree of its dissociation from the
dianionic surfactant headgroups. Soft and highly dissociated counterions enable o-phase formation,
while more closely associated ion pairs instead favor surfactant self-assembly into FK A15 phases.
The length of the alkyl chain exerts a weaker influence over the preferred LLC structures, although
shorter alkyl surfactant tails also favor o-phase formation. Thus, these studies provide new insights

into amphiphile structures that stabilize FK o phase LLCs.
2.2 Experimental Section

Materials. All reagent-grade solvents and chemicals were purchased from the Sigma—Aldrich
Chemical Co. (Milwaukee, WI) and were used as received unless otherwise noted. Lauric acid was
obtained from Acros Organics (Geel, Belgium) and used as received. Anhydrous, anaerobic
tetrahydrofuran (THF) was obtained by sparging analytical-grade solvent with Nx(g) for 30 min,
followed by repetitive circulation through a column of activated molecular sieves over 12 h in a
Vacuum  Atmospheres  Co.  (Hawthorne, @ CA) solvent  purification  system.
Hexamethylphosphoramide (HMPA) and diisopropylamine (iProNH) were distilled from CaH, and
stored under nitrogen. n-Butyllithium (2.154 M in hexanes) was titrated using Ph,CHCOOH in
anhydrous and anaerobic THF prior to use. (CH3)sNOH(aq) was titrated against a standardized
solution of 1 N HCI(aq) and thus was determined to have a concentration of 0.9912 M aqueous

base.

73



Molecular Characterization. *H and *3C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance 111 HD 400 MHz spectrometer with Smartprobe or a Bruker Avance
1l HD 500 MHz spectrometer with a TCI cryoprobe. All spectra were obtained in and were
referenced relative to the residual proton shift in CDsOD (6 3.31 ppm) or DMSO-ds (6 2.50 ppm).
Carbon/hydrogen/ nitrogen (C/H/N) combustion elemental analyses were performed by Atlantic
Microlab, Inc. (Norcross, GA, USA).

Representative Synthesis of 2-Octylmalonic Acid (CsMal). This synthesis protocol was
adapted from that of Weber and Mahanthappa.?®® A 500 mL two-necked round-bottomed flask
fitted with an addition funnel and equipped with a stir bar was charged with iProNH (16.73 mL,
119.0 mmol) and THF (30 mL) under a nitrogen atmosphere. This solution was cooled to —40 °C
in an EtOH/H,0/ CO4(s) bath, and n-BuL.i (44.8 mL, 116 mmol) was added dropwise via addition
funnel, whereupon the solution turned pale yellow. After stirring this reaction mixture for 30 min,
a solution of decanoic acid (9.998 g, 58.04 mmol) in THF (60 mL) was added dropwise via an
addition funnel. HMPA (10.0 mL, 57.5 mmol) was subsequently added, and the stirred reaction
mixture was warmed to 22 °C and stirred for 30 min. The resulting enolate solution was again
cooled to —40 °C and transferred batchwise via cannula to a 500 mL two-necked round-bottomed
flask containing excess COx(s) (>255 g, >5.79 mol) under a nitrogen atmosphere over 45 min. The
reaction mixture was then allowed to warm slowly to 22 °C over 12 h, leading to soft gel formation.
This gelatinous reaction mixture was quenched by the addition of 2.0 M HCI (60 mL), which
yielded two distinct layers. The layers were separated, and the aqueous (lower) layer was washed
with diethyl ether (3 x 50 mL). The combined organic layers were washed with 2.0 M HCI (3 x 25
mL) followed by saturated NaCl(ag) (2 x 25 mL). The ether layer was then dried using MgSOu(s)
and concentrated under vacuum to yield a white solid. The crude product was purified by
recrystallization from heptane (100 mL), and the resulting crystals were azeotropically freeze-dried
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from CgHg prior to further use. Yield 8.29 g (66.0%). 'H NMR (500 MHz, DMSO-ds, 22 °C) §
(ppm): 12.61 (COOH, s, 2H), 3.17 (CH, t, 1H), 1.70 (CH-CH2—CHa, g, 2H), 1.24 (CH,, m, 12H),
0.86 (CH3—CHba, t, 3H). 3C NMR (126 MHz, DMSO-ds, 22 °C) & (ppm): 171.35 (C=0), 52.05
(CH), 31.71 (CH,), 29.23 (CH>), 29.20 (CHy), 29.06 (CH5), 28.83 (CHs), 22.55 (CHy), 14.37 (CH).

2-Decylmalonic Acid (CioMal). This compound was synthesized from lauric acid and COx(s)
per the procedure for CsMal. Yield 9.63 g (78.9%). *H NMR (500 MHz, DMSO-ds, 22 °C) & (ppm):
12.61 (COOH, s, 2H), 3.18 (CH, t, 1H), 1.70 (CH-CH2—CHa, q, 2H), 1.24 (CHz, m, 16H), 0.86
(CHs, t, 3H). 3C NMR (126 MHz, DMSOds, 22 °C) & (ppm): 171.35 (C0), 52.05 (CH), 31.77
(CHy), 29.45 (CHy), 29.42 (CHy), 29.29 (CHy), 29.21 (CH,), 29.19 (CHy), 28.84 (CHy), 27.27
(CHy), 22.57 (CHy), 14.38 (CHs).

Representative Synthesis of Tetramethylammonium 2-octylmalonate (CsMal-TMA;). 2-
octylmalonic acid (1.00 g, 4.63 mmol) and (CH3)sNOH(aq) (9.50 mL of 0.9912 M solution, 9.42
mmol) were suspended in CH3OH at a concentration of 0.15 M and stirred for 12 h. The reaction
mixture was filtered through a fine glass frit, and the filtrate was concentrated in vacuo to furnish
a quantitative yield of a white solid. Hygroscopic solids thus obtained were freeze— dried three
times from CgsHs and stored in a glovebox under an argon atmosphere to avoid adventitious
atmospheric moisture uptake. *H NMR (400 MHz, CDs0D, 22 °C) § (ppm): 3.21 (N—CHjs, s, 24H),
3.11 (CH, t, 1H), 1.85 (CH-CH2—CH,, m, 2H), 1.31 (CHz, m, 12H), 0.91(CHs—CHj, t, 3H). :*C
NMR (101 MHz, CD30D, 22 °C) & (ppm): 180.07 (C=0), 60.80 (CH), 55.99 (N—CHj, t), 33.09
(CH.), 32.58 (CHs), 31.13 (CH,), 30.89 (CH.), 30.52 (CH.), 30.02 (CH.), 23.74 (CH,), 14.48
(CHgs). Anal Calc. for CigH4,04N»- 0.88H,0: C, 60.29; H, 11.68; N, 7.40. Found: C, 60.29; H,
11.85; N, 7.29.

Potassium 2-Octylmalonate (CsMal-K3). This compound was synthesized from 2-
octylmalonic acid and K,COs(s) in place of (CH3)sNOH per the above protocol. *H NMR (400
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MHz, CDsOD, 22 °C) § (ppm): 3.09 (CH, t, 1H), 1.82 (CH-CH>—CHz, m, 2H), 1.31 (CHa, m, 12H),
0.91(CH3—CHb, t, 3H). 3C NMR (101 MHz, CD;0D, 22 °C)  (ppm): 181.08 (C 10), 60.52 (CH),
33.08 (CHy), 32.32 (CH,), 31.01 (CH,), 30.82 (CH>), 30.49 (CH,), 29.91 (CH,), 23.72 (CH,), 14.45
(CHs). Anal Calc. for C11H1504K>-0.28H,0: C, 44.39; H, 6.30. Found: C, 44.39; H, 6.26.

Cesium 2-Octylmalonate (CsMal-Cs;). This compound was synthesized from 2-octylmalonic
acid and Cs,COgs(s) in place of (CH3)sNOH per the above protocol. *H NMR (400 MHz, CDs0D,
22 °C) & (ppm): 3.08 (CH, t, 1H), 1.82 (CH-CHz;—CH,, m, 2H), 1.31 (CHz, m, 12H),
0.91(CH3s—CHz, t, 3H). **C NMR (101 MHz, CDs0D, 22 °C) § (ppm): 180.70 (C=0), 60.37 (CH),
33.09 (CH3), 32.25 (CHy), 31.02 (CH>), 30.83 (CH>), 30.50 (CH>), 29.89 (CH3), 23.74 (CHy), 14.45
(CHs). Anal Calc. for C11H1504Cs,-0.46H,0: C, 27.05; H, 3.91. Found: C, 27.05; H, 4.25.

Tetramethylammonium 2-Decylmalonate (CioMal-TMA?). *H NMR (400 MHz, CDs0D, 22
°C) & (ppm): 3.12 (N-CHs, s, 24H), 3.1 (CH, t, 1H), 1.85 (CH-CH2—CHz, m, 2H), 1.31 (CH,, m,
16H), 0.91 (CHs—CHba, t, 3H). 3C NMR (101 MHz, DMSO-ds, 22 °C) & (ppm): 180.10 (C=0),
60.82 (CH), 55.98 (N-CHs, t), 33.07 (CH), 31.13 (CH,), 30.93 (CHy), 30.86 (CH2), 30.79 (CH>),
30.48 (CHy), 30.02 (CH.), 23.74 (CH,), 14.47 (CHs). Anal Calc. for C2Has04N,-0.89H,0: C,
62.00; H, 11.86; N, 6.89. Found: C, 62.00; H, 12.07; N, 7.00.

Cesium 2-Decylmalonate (CioMal-Cs;). *H NMR (400 MHz, CD;0D, 22 °C) & (ppm): 3.09
(CH, t, 1H), 1.82 (CH-CH2—CH,, m, 2H), 1.31 (CHz, m, 12H), 0.91(CHs—CHj, t, 3H). *C NMR
(101 MHz, DMSO-ds, 22 °C) & (ppm): 180.66 (C10), 60.28 (CH), 33.08 (CH,), 32.25 (CHb>),
31.01 (CH.), 30.86 (CH>), 30.83 (CH.), 30.78 (CH>), 30.48 (CH>), 29.97 (CH,), 23.74 (CH,), 14.46
(CHs). Anal Calc. for C13H2,04Cs,-1.18H,0: C, 29.49; H, 4.65. Found: C, 29.49; H, 4.52.

Lyotropic Liquid Crystal (LLC) Sample Preparation. LLC samples were prepared by
placing desired amounts of surfactant into 1 dram vials, followed by the addition of ultrapure water
(18 MQ-cm). These mixtures were homogenized to yield clear gel-like solids by three cycles of
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centrifugation (4950g for 10 min) and hand mixing. Sample vials were capped and sealed with
Parafilm to prevent any loss of water. Binary surfactant/H,O LLC compositions are reported in
terms of wos = (total moles of H,O)/(moles of surfactant), wherein the numerator in this quotient
accounts for both the added water and that arising from the surfactant hydrate.

Small- and Wide-Angle X-ray Scattering (SWAXS). LLC sample morphologies were
investigated using synchrotron SWAXS analyses. Using an incident beam energy of 13.3 keV (A=
0.932 A) and a 2.027 m sample-to-detector distance at the 12-ID-B beamline of the Advanced
Photon Source (Argonne, IL), synchrotron 2D-SWAXS patterns were recorded on a Pilatus 2 M
(25.4 cm x 28.9 cm rectangular area) detector with 1475 x 1679 pixel resolution (172 pm x 172
um pixel size). The scattering wavevector (q) scale in these patterns was calibrated using a silver
behenate standard (d = 58.38 A). LLC samples were hermetically sealed in alodined aluminum
DSC pans (TA Instruments, Newcastle, DE), which were equilibrated at the desired temperature
using a home-built multiarray sample stage for at least 5 min prior to SWAXS analysis (typical
exposure times <0.1 s). SWAXS patterns were obtained in the first heating cycle of the LLC
samples as prepared, with additional patterns acquired at 25 °C upon completion of the temperature
sweep to assess potential phase metastability. Unless otherwise noted in the text, the initial and
final LLC phases were identical upon thermal cycling. The resulting 2D patterns were azimuthally
integrated to obtain one-dimensional scattering intensity 1(q) versus q plots using the DataSqueeze

software package (http://www.datasqueezesoftware.com/).

Using JANA2006 crystallographic computing system software,?®” Le Bail refinement of
selected SWAXS data sets was used to extract the structure factor intensities for each scattering
maximum. These data were used as inputs for the charge-flipping algorithms within the
SUPERFLIP software package®® to reconstruct the electron density maps for various observed
LLC phases. The resulting electron density contour maps (typically 90% isosurfaces) were
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visualized using the VESTA software package,®” from which electron density line profiles along
selected crystallographic directions were obtained. Details of these analyses along with the
SUPERFLIP input files (in which the static structure factor intensities are listed) are provided in

the Supporting Information.
2.3 Results and Analysis

Given the recent discovery of an aqueous LLC ¢ mesophase in the dianionic surfactant DPA-
TMA;,* we sought to identify amphiphile design criteria that enable robust access to this and other
low-symmetry lyotropic packings of ionic micelles. On the basis of the structure of DPA-TMA,,
we initially sought to assess whether a dianionic surfactant headgroup was an essential ingredient
for o phase formation and whether its chemical identity influences the stability of this complex
packing. Additionally, we aimed to probe the extent to which the charge-compensating counterions
guide LLC phase selection. Consequently, we synthesized a series of analytically pure 2-
alkylmalonate surfactants with n-octyl and n-decyl tails by the method of Weber et al.?® (Scheme
1) in which the carboxylate headgroups bear either K*, Cs*, or (CHs)4aN* (TMA*) counterions.
Hereafter, we designate these surfactants C,Mal-M2, where n is the total number of carbons in the
alkyl chain appended to the 2-position of the malonate headgroup and M*= TMA*, Cs*, and K*is
the surfactant counterion. Note that there are always two monovalent counterions (M*) associated
with each malonate headgroup to maintain charge neutrality. We restricted our attention to
monovalent counterions to avoid potential surfactant precipitation through the formation of
bridging interactions between headgroups fostered by divalent counterions.?® Note that Hagslaett
et al. previously studied the aqueous LLC phase behavior of related dipotassium dodecylmalonate
surfactants; however, the quality of their SAXS data were insufficient to conclusively identify the

observed morphologies.?
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Scheme 2.1 Synthesis of 2-Alkylmalonates Surfactants

O 1.LiINPr, (2.0 equiv.) o
/WJ\ 2 s M
A~ “on _THFHMPA, 40 °C, 16 NN
2. COy(s) (>100 equiv.)
T
3. M,CO; or MOH, MeOH oo m

CgMal-TMA,: m = 7, M* = (CH3)4N*
CgMal-Ky: m =7, M* = K*
CgMal-Cs,: m =7, M* = Cs*
C1oMal-TMA,: m = 9, M* = (CH;),N*
CoMal-Cs,: m =9, M*=Cs*

The aqueous LLC phase behavior of CioMal-TMA; was investigated by SWAXS analyses of a
series of samples with surfactant headgroup hydrations ranging from wgs = (total moles of
H,0)/(moles of surfactant) = 3—40 (Figure 2.2). All SWAXS patterns were acquired during the first
heating cycle of the as-prepared LLC samples, and patterns were obtained upon cooling to 25 °C
to assess the potential metastability of the observed phases. Samples with wgs > 40 form free-
flowing solutions of disordered micelles. In the headgroup hydration range of 24 < Wgs < 37, we
observe an ordered LLC phase with an ambient temperature SWAXS signature comprising at least
12 peaks corresponding to hexagonally closest-packed (HCP) spherical micelles. A representative
azimuthally integrated SWAXS intensity profile for this HCP LLC obtained at 25 °C with wgs =
25.9 (Figure 2.2A) exhibits unit cell parameters of a = 3.94 nm and ¢ = 6.42 nm. The observed c/a
= 1.629 deviates modestly from the ideal value of 1.635, which is geometrically predicted for HCP
hard spheres. The scattering signature for this sample, including the slightly diminished intensity
of the (002) scattering peak (q = 0.1958 A1), is similar to that reported by Liu and Warr for LLCs
of cationic 4° ammonium surfactants with strongly hydrated counterions.®” Upon heating this

sample to 60 °C, we observe a transition to a body-centered cubic (BCC) sphere packing, as

evidenced by the observation of up to six SWAXS maxima at relative positions of g/q* = V2, V4,
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V6,10, V12, and V14 (q* = 0.2057 A™1). These peaks correspond to the (110), (200), (211), (310),
(222), and (321) Miller planes of a supramolecular BCC structure, with a (220) peak extinction.
When T > 80 °C, the sharp peaks for the ordered BCC LLCs melt into the broad intermicellar
correlation scattering associated with a disordered dispersion of micelles. In the hydration window
Wos = 38—40, we observe the formation of an ordered BCC micelle packing that coexists with
disordered micelles. The occurrence of a BCC phase near the lyotropic order—disorder transition
hydration (wos,0ot) is anticipated by the entropic arguments of Alexander and McTague regarding
liquid—solid phase transitions: the configurational entropy loss upon symmetry breaking of the
liquid state to form an ordered LLC is minimized by the formation of a BCC phase due to site
symmetry equivalence within this lattice.’®> Across the window wgs = 24—40, the thermal
order—disorder transition temperature (Topt) monotonically decreases with increasing wos.

In the headgroup hydration range of wgs = 20—24, CioMal-TMA; forms a LLC characterized by
the appearance of at least 40 instrument-resolution-limited SWAXS peaks (Figure 2.2A). This
distinctive scattering signature conforms to that previously reported for FK ¢ phases (P4./mnm
symmetry) in LLCs and block polymers.32¢ Detailed analyses of a SWAXS pattern obtained at Wos
= 22.2 at 25 °C demonstrate the formation of a giant tetragonal unit cell with a=13.3 nmand c =
6.99 nm (c/a = 0.526), constituting only the second report of a LLC FK o phase. (See Figure Al.1
for fully indexed pattern and Table Al.1 for a complete listing of peak positions and residuals.) On
the basis of the observation of various high-index peaks (e.g., (730)) in conjunction with the unit
cell parameter, we estimate that the coherent grain radii for these LLCs comprising sub-2-nm
micelles exceed ~90 nm. As in the case of the LLC FK o phase derived from DPA-TMA,, this
LLC structure is characterized by exceptional long-range translational order at length scales that
are somewhat unusual in lyotropic mesophases.3'?®® We note that the unit cell parameters for the 6
phase based on CioMal-TMA; are comparable to those reported for the same phase derived from
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10-carbon surfactant DPA-TMA;, suggesting similarities in their packings and mechanisms of

complex phase formation.
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Figure 2.2 Aqueous lyotropic liquid crystalline phase behavior for CioMal-TMA:. (A) Synchrotron SWAXS

powder patterns illustrating the formation of A15, o, HCP, and BCC ordered phases at various headgroup
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hydration numbers wgs. (B) Temperature versus wgs phase diagram depicting the lyotropic mesophase

progression of ordered phases to disordered micellar solutions with increasing wos.

At the lower hydrations wgs = 3—19, we found that CioMal-TMA: forms aqueous LLCs
exhibiting much simpler scattering patterns with up to 14 SWAXS peaks located at q/q* = V2, V4,
5, \6...etc. (Figure 2.2A). These peak positions are consistent with a FK A15 phase with cubic
Pm3(—)n space group symmetry, which has been previously observed in other ionic surfactant
LLCs.1871%0276 The A15 phase formed at wos =8.25 exhibits a unit cell parameter a = 6.91 nm. The
value of a in the A15 phase depends weakly on wgsand T in the range 22— 100 °C: it monotonically
increases from a = 6.81 to 6.92 nm with increasing wos and it decreases by less than 3% (~0.2 nm)
upon heating to 100 °C. In contrast to the LLCs formed at higher hydrations, the FK ¢ and A15
phases of CioMal-TMA; remain thermally stable up to 100 °C. A temperature versus water content
LLC phase diagram for CioMal-TMA: is given in Figure 2.2B. Although windows of two-phase
coexistence are anticipated at intermediate compositions and temperatures between each pure LLC
phase window according to Gibbs phase rule,?**?°* our phase mapping methodology employed a
resolution specified by the headgroup hydration increment Awgs= 1—1.5 and temperature increment
AT =20 °C. Thus, the absence of some of these expected two-phase windows in this phase map
suggests that they are sufficiently narrow that we did not directly observe them in the investigated
LLC compositions unless noted. Note that a high level of surfactant crystallinity when wes < 4
prevents the formation of homogeneous ordered phases, and we instead observe the coexistence of
crystalline surfactant with a LLC phase. Thus, we do not observe the hexagonally-packed cylinder
(Hi) LLCs that arise from minimal hydration of the previously reported dianionic surfactant DPA-
TMA,.

Decreasing the alkyl chain length of the malonate surfactant significantly impacts the observed
LLC phase behavior, as assessed by SWAXS characterization of the water-concentration-
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dependent mesophase morphologies of CsMal-TMA; (Figure 2.3). The lyotropic order—disorder
transition hydration below which ordered LLC phases form considerably decreases from wosopr =
40 for CioMal-TMA: to wos oot = 18 in CsMalTMA:. In proximity to this ordering transition at wos
= 16—18, we observe phase coexistence of an ordered BCC LLC with a fluid isotropic dispersion
of micelles as evidenced by the broadened base of the primary SWAXS peak (Figure 2.3A).
Notably, the HCP sphere phase of CioMal-TMA; does not form in this shorter-tail malonate
amphiphile analog. We observe the formation of FK ¢ phases upon further reduction of the LLC
water content to 11 < Wos < 16, with weakly wosdependent unit cell parameters of a = 11.4 nm and
¢ = 5.99 nm (c/a = 0.525). (See Figure Al.2 for the fully indexed pattern and Table Al.2 for a
complete listing of peak positions and residuals.) Given that the micelles of CsMal-TMA; are
expected to be smaller than those of the Cio analog, the unit cell parameters for this ¢ phase are
noted to be ~15% smaller. We also find that reducing the surfactant tail length from Cioto Cs
renders the lattice order—disorder transition temperatures for FK ¢ phases accessible with Topt <
70 °C, and Topr decreases monotonically with increasing wos. Finally, A15 phases formed from
samples with wos= 4—8.25 display cubic unit cell parameters a = 5.82 nm and accessible Topr <90
°C. (See Figure A1.3 for the fully indexed pattern.) Figure 2.3B depicts a temperature versus
composition phase diagram for CsMal-TMA: LLCs; again, not all of the expected two-phase
coexistence windows? were observed given the headgroup hydration increment resolution of our
phase map AWgs = 1—1.5 and the temperature increment AT = 20 °C. An inspection of these data
reveals that LLCs based on the Cio surfactant display higher Topr’s than do those of the Cs

homologue at comparable values of wos.
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Figure 2.3 (A) Synchrotron SWAXS powder patterns for aqueous LLCs derived from CsMal-TMA:,
illustrating the formation of A15 and o ordered phases and the coexistence of BCC and disordered micelles

at 25 °C. (B) Temperature versus surfactant hydration number wos phase diagram showing the lyotropic phase
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progression: disordered micelles — BCC + disordered micelles — ¢ — A15 with decreasing wos.

(A) C,Mal-K,

A15

|

Log Intensity (a.u.)

I I I I | [
0.1 0.2 0.3 0.4 0.5 0.6

q (A7)
(B) wt% surfactant
100 8|0 7|0 6|O 5.0 4|5 4|0
100 x x[oo
O
=809 = 0
() i ®© =
— 1 -+ [
=} | & Q0
© 604 € o x| G0
o 13 K%
Q. i + (=)
£ 4094 o * x (00
© 13
= x %[00
20—I L T
0 20 25

Figure 2.4 (A) Synchrotron SWAXS powder patterns for CsMal-K; LLCs illustrating the formation of
hexagonally packed cylinders (H,), H/A15 two-phase coexistence (* demarcates peaks corresponding to the
Hi phase), and pure A15 sphere packing phases. (B) Temperature versus wos phase diagram, which notably

lacks an FK o phase.
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Changing the identity of the counterion in CgMal-TMA; from TMA* to K*, as in CgMal-K5,
dramatically alters the observed LLC phase behavior (Figure 2.4). First, we observe an increase in
Wos,opt = 23 for the potassium-containing LLCs. We also find no evidence of a BCC phase proximal
to the lyotropic order—disorder transition hydration Wosopt Within the resolution of our LLC phase
map. The presence of the alkali counterion also eliminates the ¢ mesophase window in favor of an
enlarged A15 phase that forms when wos = 9-22 with no accessible Topt (>100 °C) by SWAXS
analyses (Figure 2.4A). The lattice parameters for the A15 LLCs decrease monotonically from a =
6.28 to 5.99 nm with increasing wos. This unit cell shrinkage with increasing wos is quite different
from the monotonic increase in A15 and the ¢ phase unit cell dimensions for the TMA*-based
surfactants. Also noteworthy is the fact that the A15 unit cells of CsMal-K;are generally larger than
those of CsMal-TMA; at comparable wys values. For example, a = 6.28 nm at wgs = 9.84 for CsMal-
Kz, whereas a = 5.82 nm when wgs = 8.25 for CgsMal-TMA:. Finally, we found that the A15 phase
gives way to a thermally stable H, phase at low hydration wos= 5—7 in CgMal-K;, with a narrow
intervening window of H\/A15 two-phase coexistence (Figure 2.4A,B). Within the headgroup
hydration- and temperature-resolution increments of our experiment, we observe no other two-
phase coexistence windows. SWAXS patterns for the latter coexisting phases appear as direct
superpositions of the adjacent pure-phase LLCs. On the basis of these counterion-dependent
differences in the LLC phase behaviors of the Cg- and Cialkylmalonate surfactants, we
hypothesized that the highly dissociated nature of the soft, polarizable, and slightly hydrophobic
TMA" counterion was essential for LLC FK ¢ phase formation.

In order to test this last hypothesis regarding the role of counterion identity in LLC phase
selection, we examined the phase behaviors of alkylmalonate surfactants bearing polarizable and
slightly hydrophobic Cs* counterions. We synthesized samples of C,Mal-Cs; (n = 8 and 10) by
deprotonation of the parent malonic acids with Cs,COs. Figure 2.5A summarizes the aqueous LLC

86



phase behavior of CgMal-Cs;, which displays hybrid behavior between that of amphiphiles with
either TMA* or K* counterions. (See Figure AL.4A for representative 1D SWAXS intensity profiles
on which these phase diagrams are based.) We explicitly found that wos oot~ 26 is somewhat higher
for CgMal-Cs; than for CsMal-K; and that the Cs surfactant forms a modestly stable BCC LLC
near this lyotropic ODT with Topr < 60 °C. In the hydration range wos = 8—24.5, as-formed LLCs
exhibit A15 morphologies that are thermally stable up to T > 100 °C with one notable exception.
At wgs=22.8, the LLC obtained from iterative cycles of high-speed centrifugation and hand-mixing
exhibits A15/c two-phase coexistence (Figure A1.4A). Upon heating this sample to 40 °C, we
observe a thermally-induced transition to a pure A15 phase that remains stable up to 100 °C. Since
cooling this specific LLC composition back to 22 °C does not recover the coexisting phases, we
suggest that the complex ¢ phase is metastable with respect to the A15 structure in CgMal-Cs;
LLCs. SWAXS reveals that the A15 unit cell parameter for CsMal-Cs;is a~ 6.17 nm at Wos = 8.00,
which is ~6% greater than that of a comparably hydrated CsMal-TMA; A15 LLC. The unit cell
parameters for CgMal-Cs; are comparable to those for CsMal-K;, and they show only weak
temperature dependence as with the other counterions. The unit cell parameter also decreases with
increasing wos, similar to that for CgMal-Kj, although the dependence on headgroup hydration is
much weaker. As with the potassium-based surfactants, CsMalCs, forms a H, morphology at
headgroup hydrations lower than that of the A15 phase. In the case of CicMal-Cs;, we observe a
similar water-concentration-dependent phase progression, BCC + Iso —» HCP — A15/6— A15 —
Hi/A15 — H,, with decreasing wgs at ambient temperature (Figure 2.5B). Although the Gibbs phase
rule again anticipates a pure ¢ phase and a 6/HCP (or 6/BCC) two-phase coexistence window at
high hydrations of CioMal-Cs, the limited resolution of our phase map (Awgs= 1-2 and AT = 20
°C) did not permit their observation. Representative SWAXS data for CioMal-Cs; are given in
Figure A1.4B. We note that most of these phases are thermally stable, with the exception of the
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HCP LLC that exhibits a thermoreversible transition to a BCC phase at T > 80 °C. Notably,
lengthening the surfactant tail stabilizes the coexisting A15 and ¢ phases and does not lead to the

apparent ¢ phase metastability observed in the corresponding Cs surfactant.
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Figure 2.5 Temperature versus surfactant hydration number wos phase diagram for aqueous LLCs of (A)
CsMal-Cszand (B) CioMal-Csz, which shows that the soft and somewhat hydrophobic Cs* counterions allow

o phase formation in narrow composition windows.
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2.4 Discussion

Kim et al. rationalized the DPA-TMA: lyotropic phase sequence BCC — ¢ — A15 — H,with
decreasing wo.in terms of a frustrated force balance within these supramolecular assemblies.3!
Molecular dynamics (MD) simulations revealed that the water-solvated TMA* counterions in the
aqueous domains of these LLCs mediate electrostatic cohesion between the quasispherical
alkylphosphonate (anionic) micelles. The lowest free-energy counterion configuration in these
ordered LLCs localizes them near the midplanes bisecting line segments that connect the centers
of neighboring micelles. Geometrically, the counterions are thus concentrated along the polyhedral
interfaces of the VVoronoi (or Wigner-Seitz) cells associated with each site in the ordered lattice.
Electrostatic correlations between the counterions and the surfactant headgroups consequently
drive soft faceting of the micelles. However, the formation of a polyhedral counterion cloud around
each faceted micelle is unfavorable, since the ions and surfactant headgroups situated at the edges
and vertices of the polyhedra are differentially hydrated as compared to those sitting on the faces.
Each micelle instead tends toward ionic sphericity, that is, the formation of a spherically symmetric
particle (with constant mean curvature) wherein the counterions are isotropically distributed around
the core. At a given wq, the LLC assembly must optimize intermicellar cohesion while also
maximizing the average ionic sphericity of its constituent micelles. As the micelles become more
concentrated within a BCC LLC (decreasing wy,), the counterion clouds deviate significantly from
the preferred ionic sphericity due to decreased nearest neighbor distances in the ordered lattice.
Beyond a critical reduction in wo., the LLC reconfigures by interparticle chain exchange of
surfactants and their counterions to generate a new configuration that optimizes both ionic
sphericity and ensemble electrostatic cohesion. The lattice sites in the new LLC morphology have

a greater number of nearest neighbors (average coordination numbers CN > 12) to induce greater
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faceting of the counterion clouds, which renders them more spherical. However, the higher average
lattice site CN results in lower overall lattice symmetry. Furthermore, the micelles in this new phase
are not all of the same size or volume: the adoption of a lower packing symmetry induces the
formation of a discrete distribution of particle sizes with specific aggregation numbers.

The sphericity of a polyhedron may be quantified through the isoperimetric quotient, 1Q =
36mS%/V2 such that 1Q = 1 for a perfect sphere.*® On this basis, the number-average 1Q calculated
from the constituent VVoronoi cell 1Qs in an ordered lattice quantifies the overall sphericity of that
packing symmetry. On this basis, one calculates that 1Q(c) > IQ(A15) > IQ(BCC) > IQ(HCP).113.1%
Thus, the balance of ionic sphericity and interparticle cohesion leads DPA-TMA: micelles to form
FK o phases across the range wos= 21-31 and A15 phases when wgs= 10-18. We note that the initial
formation of BCC just below wgsopr = 44 probably arises for entropic reasons,*? in spite of the
obvious deviation from maximal sphericity.

While the ionic sphericity concept should apply to all aqueous lyotropic packings of ionic
spherical micelles, our studies reveal that access to the FK o phase depends on the nature of the
surfactant headgroup. We first note that the phase diagrams given in Figures 1.2B and 1.3B establish
that single-tailed dianionic surfactants bearing TMA* counterions generally appear to self-assemble
into FK o-phase LLCs. However, CioMal-TMA; surfactants display a relatively smaller FK o phase
window width (Awes= 4) as compared to DPA-TMA: (Awos= 10), in spite of their both having Cio-
alkyl tails. In aqueous CioMal-TMA; LLCs at 22 °C, the phase sequence HCP - o - A15 with a
relatively small o-phase window suggests that this surfactant does not enforce ionic sphericity as
strictly as does DPA-TMA.. In other words, the alkylmalonate derived micelles are softer and more

deformable than the alkylphosphonate micelles. Thus, greater deviations from ionic sphericity are

allowed in the former case. The origins of this enhanced particle deformability probably lie in the
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relative strengths of the counterion-headgroup correlations, which are directly related to the
surfactant headgroup chemistries. DPATMA: forms high-curvature micelles that are relatively rigid
due to strong Coulombic repulsions between adjacent dianionic headgroups situated at the
water/hydrophobic interface, with only partial screening by the highly dissociated TMA*
counterions. While the malonate headgroup of CioMal-TMA: is nominally dianionic, the close
spatial proximity of the two anionic carboxylate headgroups linked through a one-carbon bridge
leads the counterions to sit closer to the micelle surface to screen both intramolecular and
interheadgroup electrostatic repulsions. The lower degree of counterion dissociation leads the
decylmalonate surfactant to form larger micelles with interfaces that are more deformable.
Enhanced micelle deformability probably also enables the formation of the lower-sphericity HCP
packing at high hydrations and low temperatures near Wosopr.

Naturally, the question arises as to why the o phase window width Awgs for CioMal-TMA; is
smaller than that for CgsMal-TMA.. Alkylmalonates with shorter n-alkyl tails form micelles with
smaller radii, with more tightly packed anionic headgroups lining their surfaces. The enhanced
electrostatic repulsions among these ionic headgroups and the short alkyl tail length likely rigidify
these spherical particles, leading to a stronger preference for ionic sphericity. The larger Cio
micelles have a decreased surface area-to-volume ratio leading to a smaller effective headgroup
area per surfactant. Thus, the counterions are more closely associated with the micelle surface?®
and the more deformable interface enables the formation of lower sphericity morphologies.

Upon changing the surfactant counterion from TMA™* to K* with CgMal, we observe that the o
phase window closes at the expense of widening that of the A15 morphology. The inaccessibility
of the o phase in K-based surfactant LLCs likely reflects a higher degree of potassium carboxylate
association,?®® which enables the formation of larger and more deformable micelles that pack into

lower-sphericity LLCs by the above mechanism. Note that the intermediate level of Cs*-
91



carboxylate association?® in CgMal-Cs; allows the formation of a metastable o phase at low
temperatures, which irreversibly converts to an agueous A15 LLC. This behavior probably reflects
subtle differences in alkali-carboxylate ion pair dissociation that are only discernible by virtue of
the cooperative nature of lyotropic self-assembly, in which the morphology serves as a macroscopic
reporter for microscopic interactions.

We can also explain the expansion of the A15 unit cell parameters upon exchanging the TMA*
counterions for K*in the CgsMal LLCs, by considering the specific counterion distributions between
the micelles in the aqueous domains. Recall that the counterions in each LLC sphere packing
localize along the Voronoi cell boundaries of each lattice site in order to maximize interparticle
cohesion. The breadth of the counterion distribution along these Voronoi boundaries depends on
the relative strengths of their pairwise electrostatic repulsions. Soft and polarizable TMA™ cations,
in which the positive charge is delocalized across the four methyl groups, can more densely
concentrate along the VVoronoi cell boundaries as compared to the more point-like K* ions that are
correlated over much larger distances.?®* To experimentally support this notion, we used our
established methodology to reconstruct the electron density maps for A15 LLCs based on CsMal-
Kzand CsMal-TMA:; at wgs= 9.85 and 8.25, respectively (Figure 2.6A; see Supporting Information
for electron density map reconstruction details). Figure 2.6B depicts the normalized electron
density variation in the z = 0 plane along vectors parallel to the [010] direction connecting the
centers of the platelet micelles (6f Wyckoff positions) and to the [100] direction along the unit cell
edge, as a function of the dimensionless fractional lattice parameter for A15 phases with K* and
TMA" counterions. The electron density was normalized by the linear density along this vector
(area under the raw linear plot), wherein we arbitrarily assigned the highest-density regions to be
the cores of the micelles. We specifically use the dimensionless fractional distance to compare these

two phases at slightly different hydrations, since they have different unit cell parameters. By our
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convention, the maxima in this plot correspond to the micelle cores, and the broad minimum stems
from the counterion distributions between the surfaces of neighboring micelles. Qualitative
inspection of the plots in Figure 2.6B reveals that the trough for the TMA™ counterions is narrower
and deeper than that for the K*ions, indicating denser localization of TMA*along the VVoronoi cell
boundaries as expected. On the other hand, the shallower and broader troughs corresponding to the
K* counterions in the aqueous nanodomains imply their more diffuse counterion clouds. The
counterion distributions deduced from the experimental SWAXS data are consistent with the notion
that the K*ions are more closely associated with the carboxylate headgroups than the TMA*ions
in these CsMal A15 LLCs at comparable hydrations. Consequently, the unit cell dimensions are
larger for the surfactant LLCs with K* counterions due to electrostatic repulsions between the

correlated point-like charges, in a manner consistent with expectations based on theory by Jho et

al 295

Finally, we note that the values of wosopr are generally higher for surfactants with alkali
counterions as opposed to those with TMA™ counterions. Since the alkali counterions are
electrostatically correlated over longer distances by virtue of their point-like charge distributions,?*

we surmise that larger amounts of water are required in order to effectively screen all of the pairwise
interactions between the micelles and induce lattice disordering. However, the more diffuse and
polarizable nature of the TMA® counterion lends to its effective screening by smaller amounts of

water. Therefore, cohesion between the micelles is lost at relatively lower hydrations for the TMA-

based surfactants.
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Figure 2.6. (A) 90% isosurface electron density reconstructions of the A15 phase unit cells for CsMal-TMA:2

and CsMal-K: at wos= 8.25 and 9.85, respectively. (B) Normalized linear electron density profile in the z =
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0 plane along the [010] direction passing through the centers of the platelet micelles and in the [100] direction
along the unit cell edge. The peaks correspond to the micelle cores, and the troughs correspond to the
counterion distribution between neighboring micelles. The relative depth and breadth of the troughs in the
[010] and [100] directions indicate that the counterions are more localized along the VVoronoi cell boundaries

in the case of TMA* (blue) than with K*(red).

2.5 Conclusions

Detailed studies of the water concentration-dependent lyotropic mesophase behaviors of a
homologous series of 2alkylmalonate ionic surfactants revealed their propensities to form four
possible spherical micelle packings, the exact symmetries of which depend sensitively on their
associated counterions. The soft, polarizable TMA* ion leads to the formation of micelles that

strongly prefer a local spherical particle symmetry, since the high degree of counterion- headgroup
dissociation fosters significant electrostatic repulsions between adjacent surfactant headgroups

within each micelle. This preference for ionic sphericity while maximizing micellar cohesion drives

a spontaneous lowering of the global lattice symmetry to form a complex FK o phase, the unit cell
of which contains 30 quasispherical particles with five different volumes. Reducing the water
content of these LLCs drives the formation of the structurally related FK A15 phase. However,
replacing the soft TMA™ counterion with a more point-like K* counterion completely destabilizes
the o phase in favor of the A15 phase. This change in packing symmetry originates from the reduced
preference for spherical particle symmetry, which arises from closer counterion-headgroup
association in the latter case. These findings generally suggest that controlling both
counterion-headgroup and counterion-counterion correlations in normal LLC phases furnishes

new means for self-assembling hydrated surfactants into unusual mesostructured supramolecular

assemblies with tunable unit cell sizes.

95



Chapter 3.
Quasiperiodic Ordering of Oil-Swollen Ionic Surfactant Micelles

3.1 Introduction

The 1984 discovery of Al-Mn alloys that form quasicrystals (QCs),%” which display local
rotational symmetry yet no long-range translational order, forced the redefinition of crystals to
include both periodic and aperiodic structures that yield discrete X-ray diffraction patterns.?'® Metal
alloys are now know to form polygonal QCs comprising periodic layers of 2D aperiodic particle
arrangements with 5-, 8-, 10-, or 12-fold symmetries, as well as 3D aperiodic icosahedral QCs.?%
A harbinger of the emergence of metallic quasicrystallinity is the observation of tetrahedrally close-
packed approximants, known as Frank-Kasper (FK) phases, which exhibit gigantic low-symmetry
unit cells with average lattice site coordination numbers CNayg > 13.5%53

Self-assembled soft dodecagonal quasicrystals (DDQCs) also form in charge-neutral
thermotropic liquid crystalline dendrons,?®® block polymers melts":152240.242:243 gnd their aqueous
dispersions, 1’® and giant shape amphiphiles.> In a manner analogous to metal alloys,??> these
discoveries were preceded by observations of soft matter FK A15 and o approximants in adjacent
regions of phase space./0109115.235242-243 Access to soft DDQCs generally requires elaborate
syntheses*%235240 or complex materials-specific processing protocols,®176242 which hampers their
detailed structural characterization and obscures insights into the origins their aperiodic order.
Whether or not soft DDQCs are thermodynamic equilibrium or metastable states also remains a
tOpiC Of some dEbate.37'117'227'235'242'244

Hydration of selected molecular amphiphiles induces their mesoscale self-assembly into high-
symmetry micellar body-centered cubic (BCC), face-centered cubic (FCC), and hexagonally

closest-packed (HCP) lyotropic liquid crystals (LLCs).*® Two recent reports established that
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minimally hydrated dianionic surfactants also form complex Frank-Kasper (FK) Al5 and o
phases,®% the latter of which exhibits a tetragonal unit cell with 30 ionic micelles of five discrete
volumes. Recent models®-3111-112 rationalize the parallel self-assembly behaviors of both charge-
neutral and ionic micellar materials in terms of frustrated energy minimization at two different
structural length scales. While these universal structure directing principles suggest that DDQCs
should form in LLCs of small molecule amphiphiles, such lyotropic mesophases have yet to be
reported.

Herein, we describe the straightforward preparation of self-assembled lyotropic DDQCs by
hydration of mixtures of bis(tetramethylammonium) dodecylphosphonate (C1.PA-TMA:) with n-
decane. Small-angle X-ray scattering (SAXS) analyses reveal the formation of DDQCs of oil-
swollen ionic micelles with high degrees of aperiodic order, which facilitate definitive
identification of their underlying space group symmetry. We further document the markedly path-
dependent formation of these QCs and demonstrate their non-equilibrium nature. The discovery of
a lyotropic DDQC mesophase thus establishes the universality of 12-fold aperiodic order in soft

micellar materials.
3.2 Experimental section

Materials. All materials and reagents were purchased from Sigma-Aldrich Chemical Co.
(Milwaukee, WI) and used as received unless other noted. (CH3)sNOH (1.0065 M in H,O) was
titrated using standardized 1.0 N HCl(aq). Ultra-pure water (18 MQecm) obtained from Thermo
Scientific™ Barnstead™ Smart2Pure 3 UV/UF water purification system was degassed by
sparging Nz(g) for at least 30 min.

Molecular Characterization. *H and 3C nuclear magnetic resonance (NMR) spectra were

recorded on a Bruker Avance 400 MHz spectrometer with Smartprobe. Spectra referenced relative
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to the residual proton shift in CDsOD-ds (6 3.31 ppm). Combustion analysis (C, H, and N) was
performed by Atlantic Microlab, Inc. (Norcross, GA, USA).

Synthesis of Bis(tetramethylammonium) Dodecylphosphonate (C1.PA-TMAz). A
suspension of dodecylphosphonic acid (3.03 g, 12.10 mmol) in MeOH (50 mL) was
stoichiometrically deprotonated with an aqueous solution of (CH3)4sNOH (24.05 mL, 1.0065 M in
H-0, 24.20 mmol) in a 250 mL round-bottom flask equipped with a stir bar. This mixture was
stirred at 22 °C for an additional 2 h after it became homogeneous to ensure reaction completion,
after which the volatile solvents were removed under vacuum. The resulting hygroscopic solid was
freeze-dried two times by suspending the solids in CsHs (20 mL), freezing the suspension in N2(1),
and subliming the frozen solvent at reduced pressure.

IH NMR (400.18 MHz, CDsOD, 24 °C): 6 (ppm) 3.23 (N-CHs, s, 24H), 1.70~1.64 (P—CHa, m,
2H), 1.51-1.42 (CH;—CHa, m, 2H), 1.36—1.30 (CHz, m, 18H), 0.93-0.90 (CH2—CHs, t, 3H).

13C NMR (100.62 MHz, CDs0D, 24 °C): & (ppm) 54.59 (N(CHs)s), 32.14 (CH,), 31.96 (CH>),
31.96 (CH3), 31.68 (CHy), 31.41 (CH,), 30.11 (CHy), 29.54 (CH.), 29.43 (CH3), 29.10 (CH), 24.83
(CH>), 22.35 (CH>), 13.06 (CHs).

Anal. calc for C2HsPN203-5.07 H20: C, 49.22; H, 12.24; N, 5.74. Found: C, 49.22; H, 12.29;
N, 5.62.

LLC sample preparation.

Normal order of addition: Desired masses of surfactant were weighed into 1 dram vials with 10

wt% decane and mixed via three cycles of centrifugation (4950xg for 10 min) and hand-mixing.
LLC samples were then prepared by addition of ultrapure water and subsequent homogenization
by an additional three cycles of centrifugation and hand-mixing, and isothermal annealing at 50 °C
for 30 min.

Inverse order of addition: Appropriate masses of surfactant and ultrapure water were weighed
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into 1 dram vials and homogenized by three cycles of centrifugation (4950%g for 10 min) and hand-
mixing to yield transparent LLC samples. Decane (10 wt% with respect to surfactant) was added
and mixed by three more cycles of centrifugation and hand-mixing. In order to ensure complete oil
uptake by the LLC, samples thus prepared were isothermally annealed for 30 min at 50 °C.

The extent of hydration of each LLC sample is quantified using:

_ total moles of H,O
"o moles of C{,PA-TMA,

Small-angle X-ray Scattering (SAXS). LLC samples were quiescently equilibrated at 22 °C
for at least 24 h to allow for stress relaxation induced by sample preparation prior to morphological
analyses by synchrotron SAXS.

Using an incident beam energy of either 13.3 or 14.0 keV (4 = 0.932 or 0.886 A) and a 2.011
m sample-to-detector distance at the 12-1D-B beamline of the Advanced Photon Source (Argonne,
IL), synchrotron 2D-SAXS patterns were recorded on a Pilatus 2M detector (25.4 cm x 28.9 cm
rectangular area) with 1475 x 1679 pixel resolution. The scattering wavevector (q = (4nsin 6)/1)
scale in these patterns was calibrated using a silver behenate standard (d = 58.38 A). LLC samples
were hermetically sealed in alodined aluminum DSC pans (TA Instruments, Newcastle, DE), which
were equilibrated at the desired temperature on a custom-built multiple-sample array stage for at
least 10 min prior to data collection (typical exposure times ~ 0.1 s). In order to assess sample
homogeneity, SAXS data were acquired at a minimum of three different positions in each DSC
pan.

Lab-source SAXS measurements were made using a SAXSLAB Ganesha 300XL instrument in
the University of Minnesota College of Science & Engineering Characterization Facility. Cu K, X-
rays (1 = 1.54 A) generated by a Xenocs Geni3DX source were collimated through two sets of

motorized 4-bladed slits (JJ X-ray, A/S). 2D-SAXS patterns were acquired using a Dectris EIGER
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R 1M detector (7.72 cm x 7.99 cm rectangular area) with 1030 x 1065 pixels at a 46.8 cm sample-
to-detector distance. Samples were sealed in home-built sandwich sample holders equipped with
Kapton windows. They were mounted on a Linkam hot-stage and equilibrated at the desired
temperature for ~20 min prior to data acquisition (typical exposure times ~10 min) within an
evacuated sample and X-ray flight path environment. All 2D-SAXS patterns were azimuthally-
integrated to obtain one-dimensional scattered intensity 1(q) versus q plots, using the DataSqueeze

software package (http://www.physics.upenn.edu/~heiney/ datasqueeze/index.html). The 1D

scattering intensity profiles were analyzed using customized Igor Pro procedure files developed

internally by our group.

3.3 Results and Discussion

LLCs were prepared as transparent solids by controlled hydration of mixtures of C1.PA-TMA;
with 10 wt% n-decane relative to amphiphile (C1.PA-Dec10) by three successive iterations of
hand-mixing and centrifugation (4950xg for 10 min) followed by annealing at 50 °C for 30 min.
Attempts to prepare LLCs with higher n-decane loadings led to sample macrophase separation.
This contrasts with LLCs containing monoanionic tetramethyl ammonium decanoates, which
allowed for addition of 40 wt% decane before phase separation was observed.{Baez-Cotto, 2018
#207} Soft carboxylate headgroups yield flexible micelles, which tolerate large perturbations in
micelle curvature caused by the addition of 40 wt% decane.{Jayaraman, 2018 #170} The hard
dianionic phosphonate headgroups resists extensive micelle deformations limiting the total decane
incorporated into the sample. LLC water contents are hereafter specified in terms of wo = (total
moles of H,O)/(moles of C1.PA-TMA,). Temperature-dependent SAXS analyses of LLC samples
contained in hermetically-sealed, alodined, differential scanning calorimetry (DSC) pans were

conducted at the Advanced Photon Source at Argonne National Laboratory (see Section 3.2 for
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experimental details).

Figure 3.1 depicts SAXS data acquired from aqueous Ci1,PA-Decl0 LLCs with wo = 5-70.
LLCs with wo> 70 are free-flowing liquids that exhibit only one broad SAXS correlation, indicative
of disordered micellar solutions. Decreasing the hydration to wy = 61-67 gives rise to structured
solids with the sharp SAXS maxima at (q/q*)? = 1, 4/3, 8/3, 11/3, 4, 19/3, and 20/3 (g* = 0.1681
Alat wp = 66.1 and 25 °C), which correspond to an FCC micelle packing with unit cell parameter
a = 6.47 nm. In the range 40 < wp < 45, the oil-swollen ionic micelles form a HCP packing. A
SAXS pattern obtained from one such LLC with wy = 42.1 at 60 °C exhibits 15 sharp peaks
consistent with the P6s/mmc symmetry and lattice constant a = 4.41 nm and nearly ideal c/a =
1.629. In concurrence with Gibbs’ phase rule, the pure FCC and HCP phases are separated by a
window of their two-phase coexistence when 46 <wp < 61 (Figure A2.1). Heating these samples
drives thermoreversible transitions to micellar BCC phases, with (110), (200), (211), (220), (310),
(222) and (321) SAXS reflections (a = 4.89 nm for wo = 42.1 at 80 °C). Note that the FCC/HCP —
BCC order-to-order transition temperature (Toor) decreases from 80 °C to 40 °C on increasing Wo
(Figure 3.1B), and the BCC LLCs with wo = 52—61 reversibly melt into disordered solutions at 100
°C.

The distinctive SAXS signatures of exceptionally well-ordered lyotropic FK 6 mesophases with
> 50 synchrotron resolution-limited peaks are observed at the lower water contents wp = 32-35
between 25-100 °C. Consistent with an earlier report on o LLCs of structurally homologous ionic
phosphonate amphiphiles in the absence of alkane additives,® the o phase formed here at wo = 35.2
has lattice constants a = 15.24 nm and ¢ = 8.01 nm, with the expected c/a = 0.526 (see Figure A2.2
for an enlarged X-ray pattern and Table A2.1 for peak positions and residuals). A narrow o/HCP
two-phase coexistence window is located in the range wo = 35-40 at 25 °C (Figure A2.1), however,

these samples irreversibly transform into ¢ LLCs on heating to 60 °C, which are retained upon
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subsequent cooling to 25 °C. The last observation suggests that the high-symmetry HCP phases are
metastable with respect to the lower symmetry ¢ phase in this hydration range.

The brittle solid LLCs in the composition window 26 < Wg < 31 displayed unique SAXS
signatures between 25-100 °C that do not correspond to any known periodic crystal phase in metal
alloys or soft materials (Figure 3.2). These SAXS patterns exhibit four closely spaced yet broad
low g peaks with multiple high q maxima that are much less well-defined. The qualitative
resemblance of these patterns to those obtained from DDQCs of charge-neutral, self-assembled soft
materials, 3740152235242 coypled with the sample composition proximity to that of the o phase
strongly suggests the emergence of dodecagonal quasicrystalline order in this ionic micelle
packing.

In spite of the polycrystalline nature of this LLC that precludes direct observation of the
expected 12-fold rotational symmetry of a DDQC,176.235243 the 10 well-resolved peaks in the SAXS
pattern in Figure 3.2A are readily indexed using the five-dimensional reflection scheme developed
by Yamamoto?® and validated by Ishimasa et al. in Mn-Cr-Ni-Si alloys.?+24 The observed peaks
conform to the reflection condition (h:hzhi0hs), [hs=2n: n >0, n € Z] (see Table A2.2 for peak
positions and residuals), which firmly establishes that this DDQC exhibits the non-symmorphic 5D
space group symmetry P12s/mmc.?®® This structural assignment concurs with the prediction by

Lifshitz and Diamant regarding the generic structure of soft quasicrystals.?*’
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Figure 3.1. (A) Synchrotron 1D-SAXS intensity profiles for aqueous LLCs prepared by Ci2PA-Decl0,
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illustrating formation of canonical FCC, HCP, and BCC micellar cubic packings, tetrahedrally close-packed
o and A15 phases, as well as a glassy LLP state. All data were acquired at 25 °C, except where indicated. (B)
Temperature versus amphiphile hydration number (wo) phase diagram from aqueous LLCs of C12PA-Dec10,
derived by SAXS analyses of samples on their first heating. Solid lines indicate approximate phase boundary

locations.

This lyotropic DDQC is comprised of periodic layers, in which ionic micelles are aperiodically
arranged at the vertices of a square-triangle tiling that displays local 12-fold rotational symmetry.
A random Stampfli tiling representing the aperiodic in-plane order for an ideal, defect-free DDQC
is given in Figure 3.2B,%* where the ratio of the number of triangles to squares is 4/~3.2" From the
SAXS pattern in Figure 3.2 and peak positions given in Table A2.2, we deduce that the interlayer
spacing is ¢ = 8.02 nm and the in-plane intermicellar distance is a = 7.91 nm (edge length in Figure
3.2B). The obtained c/a = 1.01 compares well with those obtained in less well-ordered diblock
polymers and giant shape amphiphiles DDQCs,**?*2 as well as those of quaternary metal alloys.?*!
Note that the periodic FK ¢ approximant may also be conceptualized as a specific, periodic square-
triangle tiling.2*

Consistent with the latter structural relationship, we find that as-prepared LLC samples with 31 <
Wo < 33 exhibit 6/DDQC phase coexistence at 25 °C, evidenced by shoulders observed on the four
prominent low-g SAXS peaks of the quasicrystal (Figure 3.3). Heating these samples to 100 °C
triggers their irreversible rearrangement into pure o phases with no further evolution on cooling to
25 °C. Analyses of different sample regions demonstrate the complete loss of aperiodic order in
favor of the periodic 3D ¢ phase. Notably, the location of the (002) peak of the ¢ phase thus
obtained coincides with that of the (00002) DDQC reflection. The interlayer spacings in the 12-
fold quasicrystal and its periodic approximant are thus identical, in a manner reminiscent of diblock

polymer DDQCs.?*? The irreversibility of the DDQC + ¢ — o transition provokes questions
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regarding the equilibrium nature of the DDQC LLC.

W, = 29.1 = @
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Figure 3.2. (A) SAXS pattern obtained by C12PA-Dec10 hydrated to wo = 29.1 at 25 °C corresponding to a
well-ordered DDQC with interlayer spacing ¢ = 8.02 nm and in-plane intermicellar distance a = 7.91 nm.
Miller indices for the first ten peaks corresponding to the 5D space group symmetry P12s/mmc are provided
(red tick marks correspond to peaks that could not be unambiguously assigned). (B) Schematic Stampfli tiling

depiction of the in-plane, aperiodic order of the oil-laden micelles of an ideal, defect-free DDQC.

X-ray scattering patterns for LLCs with wy = 11-23 are devoid of sharp peaks (Figure 3.1A).
They are instead characterized by broad, low-intensity correlations at q = 0.07-0.09 A'and 0.28—
0.35 AL, with an intervening broad peak at g = 0.17 A™. Some of these samples exhibit SAXS
patterns with a low-g shoulder on the highest intensity broad peak, which apparently coincides with
the (00002) peak of the DDQC (Figure A2.3). The lack of Bragg scattering suggests the absence
of order in these solid samples, consistent with a dynamically arrested, super-cooled micelle liquid.
Bates and co-workers identified similarly correlated block polymer melt states as non-ergodic,

liquid-like packings (LLP).2"?%2 The lyotropic LLP persists on heating to 100 °C, consistent with
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the dynamic arrest of a glassy state. The composition window bounded by the LLP and DDQC
states between 23 <wp <26 is populated by LLCs that exhibit two-phase coexistence (Figure A2.3).
Further reduction in LLC hydration to wo =10.2 yields SAXS patterns with four scattering maxima
superposed on a broad correlation peak. Since the sharp SAXS maxima are located at g/q* = 2,
V4, N5, and V6 (g* = 0.1024 A at 25 °C), we tentatively assign this LLC as a poorly ordered FK
A15 phase (Pm3n symmetry) possibly coexisting with the glassy LLP. Qualitatively, the SAXS
peaks breadths indicate that the average A15 phase grain size is small. Su et al. observed a similar
SAXS trace for an intermediate structure while transitioning from A15 to Z phase in the self-
assembly of giant-shape amphiphiles.** We are currently exploring the implications of this
surprising similarity. Finally, LLCs with wo = 6.1 form hexagonally-packed cylindrical micelles

(H)) (Figure A2.4).
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Figure 3.3. Synchrotron SAXS data for as-prepared C12PA-Dec10 LLCs formed at wo = 32.1 on heating,
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during which samples were equilibrated at each temperature for > 10 min. The as-made sample that exhibits
DDQC/o two-phase coexistence irreversibly transforms on heating to 100 °C into a pure FK ¢ phase, which
persists on cooling to 25 °C. The reflections corresponding to the ¢ phase are indicated by the tick marks in
pattern in the initial obtained at 25 °C. Note the coincidence of the respective (00002) and (002) spacings of

the DDQC and the o phase (dashed line).

Given the occurrence of non-ergodic LLP states and irreversible thermal transformations of
some lyotropic DDQCs into o phases, we sought to assess the thermodynamic stability of the
DDQC by studying how path-dependent preparation of the same final LLC composition impacts
the observed morphologies and their thermal stabilities. We first premixed C1.PA-TMA; and H,O
via three cycles of centrifugation and hand-mixing to form LLCs, after which 10 wt% n-decane
relative to C12PA-TMA; was added by additional centrifugation and hand-mixing cycles.
Isothermal sample annealing at 50 °C for 30 min subsequently effected complete oil uptake to yield
clear, homogeneous samples (see Section 3.2 for details). The phase portrait in Figure 3.4 obtained
for oil-laden LLCs made by this “inverse” order of component addition differs substantially from
that in Figure 3.1B, which stems from the “normal” order of component addition (0il first). Inverse
addition notably yields BCC order at wo = 70, whereas the normal addition order yields a disordered
solution at the same composition. Therefore, the lyotropic order-disorder transition shifts to a
higher wo-value. Inverse order of addition LLCs also form BCC phases when wo = 61-70, instead
of the FCC structure obtained on adding water to surfactant/oil mixtures (Figure 3.1B). The BCC
structure thermoreversibly transitions to a disordered state when heated 60 °C, albeit with slower
nucleation kinetics of the ordered structure when cooled back to 25 °C. When wg = 40-60, closest-
packed FCC and HCP phases are again observed using the inverse order of addition protocol. While
hard sphere FCC packings are typically favored over HCP phases on entropic grounds, ' the free

energy differences between these phases are minute and the observed phase likely arises from
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nucleation-limited growth.}”> These closest-packed structures again undergo thermally-induced
transitions to BCC phases on heating to 60-80 °C.

In contrast to LLP and DDQC formation, inverse addition order of LLC preparation triggers the
self-assembly of pure FK o phases when 31 < wp < 41 and periodic A15 structures when wy = 6—
27. SAXS traces for the A15 LLCs exhibit up to 18 peaks, indicative of high degrees of long-range
translational order with large grains sizes (Figure A2.5). Thus, the DDQC is strikingly absent from
this phase diagram. The preference for the ¢ phase over the QC on changing the order of LLC
component addition coupled with the aforementioned irreversible DDQC — o thermal transition

strongly suggests that the quasicrystalline state is metastable with respect to the 3D approximants.
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Figure 3.4. Temperature versus wo LLC phase portrait obtained from samples produced by mixing 10 wt%
decane relative to amphiphile into pre-formed, C12PA-TMA; aqueous LLCs, in which the DDQC is entirely

absent.

The counterion clouds of self-assembled ionic micelles mediate their electrostatic cohesion in
ordered LLCs, whereby free energy minimization centers the counterion distribution equidistant
from the oppositely charged interfaces of each micelle and its neighbors.31%202 Thus, the
counterion clouds in ionic micellar LLCs outline the polyhedral Wigner-Seitz (W-S) cells of the
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underlying lattice. However, these hydrated micelles also prefer spherical shapes that minimize the
interfacial area per surfactant with minimal variations in amphiphile hydration. Thus, ordered LLC
phase selection must optimize both counterion-mediated intermicellar cohesion in the lattice and
the local average ionic sphericity of the micelle counterion clouds.®*® The number-averaged
isoperimetric quotient of the W-S cells (1Q = 36mVV?/S®, where V is volume and S is surface area of
the cell) quantifies average lattice sphericity and decreases in the order 1Qs > 1Qa1s > 1Qgcc > 1Qrcc
= IQucr due to the higher average coordination numbers of the FK phases.}?113 In
bis(tetramethylammonium) decylphosphonate (C10PA-TMA;) aqueous LLCs, Kim et al.
demonstrated that this free energy balance drives the phase sequence BCC — ¢ — Al15 — H, with
decreasing wo.%! Dehydrating a BCC phase with one micelle type induces deviations in ionic
sphericity by reducing the intermicellar distances, which drives amphiphile chain exchange to
facilitate formation of a FK o phase with five symmetry equivalent classes of micelles of discrete
sizes. Thus, local spherical particle symmetry is optimized in the ¢ phase at the expense of the
global lattice symmetry through particle reconfiguration.

The aqueous LLC phase behavior of C12PA-TMA; mirrors that of CioPA-TMA,, albeit with
larger A15 and smaller o phase windows (see Figure A2.6) in addition to HCP packings at high wo.
By virtue of the longer 12-carbon tail, C;.PA-TMA; forms larger hydrated micelles with lower
interfacial curvatures than Cio)PA-TMA,. This lower curvature requires a smaller average
counterion-headgroup distance in order to screen the electrostatic repulsions between the more
closely packed, dianionic headgroups. This higher degree of counterion association with the
particle surface renders the micelles more deformable, reducing the penalty for ionic sphericity
deviations.%® Thus, the lower sphericity A15 lattice forms over a larger region of phase space.

The shift of the o phase window to lower wo-values on addition of n-decane to C1.PA-TMA;

(Figure 3.4) relative to the oil-free system (Figure A2.6) stems from its localization in the swollen
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micelle cores.?%22%5 Micelle swelling in an A15 LLC phase of C1.PA-TMA; increases the
hydrophobic volume at each lattice site, forcing the counterion cloud to more strongly conform the
polyhedral W-S cell boundaries. Thus, oil addition amplifies ionic sphericity deviations and drives
higher sphericity phases to form at lower wo-values. Note that conceptually related arguments have
recently been advanced to explain the emergence of micelle packings in homopolymer-swollen
sphere-forming diblock polymer melts.?’

The path-dependent preparation of decane-swollen C1.PA-TMA: micellar LLCs indicates that
method of oil introduction impacts the breadth of the micelle size distribution and consequent
ordered phase nucleation. In the case of inverse order of addition, oil is introduced to an ordered
LLC with a pre-determined micelle size distribution dictated by electrostatics. Therefore, particle
swelling is templated so that the micelle size distribution only modestly broadens and is
accompanied by relatively minor spatial rearrangements that optimize micelle sphericity and
cohesion. The close structural relationship between the A15 and o phases likely enables the
observed transition from the former to the latter phase.®? On the other hand, normal H,O addition
to pre-mixed n-decane/C12,PA-TMA, most likely forces rapid and uneven decane partitioning into
the micelles to yield a broader particle size distribution that cannot readily relax, due to substantial
barriers for oil and amphiphile exchange in this strongly segregated system. This broader micelle
size distribution fails to order, thus shifting the lyotropic disorder-to-BCC transition to a slightly
lower wo for samples prepared by normal order of addition. Additionally, the unit cell parameter of
the BCC structure formed by the “normal” order of addition are ~ 9% greater than that formed by
“inverse” order of addition at comparable hydrations, further suggesting the non-equilibrium nature
of the micelle-sizes in LLCs formed by hydration of surfactant/oil mixtures. At we = 32.1, normal
order of oil addition also results in c phase unit cell volumes that are ~5% larger than those obtained

from the inverse addition protocol. The finding that only pure o phases form on thermal cycling
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DDQC + 6 (W = 31-33), and 6 + HCP (wp = 36-40) LLCs, coupled with the sole formation of pure
o phases by inverse oil addition strongly suggests that o is the underlying equilibrium structure.

At the lowest hydrations, the formation of poorly ordered A15 phases and non-ergodic LLP
states by normal order of addition contrasts the well-ordered A15 LLCs formed at the same wo-
values under the inverse addition method of sample preparation method. This observation is in
contrast with Carlos Baez-Cotto & Mahanthappa, where addition of 10 wt% decane to A15 forming
LLCs of tetramethylammonium decanoate led to the formation of periodic C14 and C15 micellar
arrangements.?% The Laves phases exhibit a + 20 % variation in the W-S cell volumes as compared
to the modest 3 % variation found in an A15 structure. We posit that the hard dianionic nature
headgroup of C1.PA-TMA; yields rigid micelles, which resist the large variation in micelle sizes
and curvatures to form the Laves phases. Instead, the micelle size distribution in the A15 structure
is only weakly disturbed, that decreases the extent of ordering of the A15 phase formed by C1,PA-
Dec10 at wo = 10.2. At higher hydrations, the competition between the micelle curvature as dictated
by the electrostatics and the oil leads to complete loss of long-range order leading to the formation
of the LLP state. Interestingly, the low-q correlations observed in the LLP state at 0.07 <q < 0.09
A coupled with the broad peak at q = 0.17 A* are reminiscent of scattering patterns obtained from
the C15 structure formed by LLCs of TMA-decanoate.

These observations strongly suggest that the DDQC and LLP are long-lived, non-equilibrium
states, which originate from the broad, non-equilibrium distribution of micelle sizes formed on
water addition to a surfactant/oil mixture. By geometrical analogy to the formation of intermetallic
quasicrystals,?’ this micelle ensemble apparently exhibits a lower nucleation barrier as compared
to the periodic o phase approximant, in spite of the latter being the thermodynamic equilibrium
phase. The lyotropic DDQC remains trapped at low temperatures and only partially relaxes on

gaining structural mobility by heating to 100 °C, by aperiodic layer rearrangement and intermicellar
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chain and oil exchange to facilitate ¢ phase formation. These observations mirror a report by Gillard
et al. of a microphase separated diblock polymer DDQC, wherein the quasicrystalline state emerges
from a thermally quenched LLP and only slowly transforms into a periodic ¢ phase on extended
isothermal annealing.?*? In this context, the appearance of a lyotropic LLP in a region of phase
space adjacent to the lyotropic DDQC suggests similarities in how these soft quasicrystals emerge

from soft micellar glasses.
3.4 Conclusions

The simple, path-dependent formation of a kinetically stable, non-equilibrium lyotropic DDQC
of oil-laden ionic micelles of a small molecule surfactant defies the conventional view that
structural relaxations in low molecular weight amphiphilic systems are fast. Minimal hydration of
the ionic surfactant headgroups of decane-swollen C1.PA-TMA; micelles induces a strongly
segregated state, in which the free energy penalty for intermicellar alkane and amphiphile exchange
slows, due to the highly incompatible nature of the hydrophobic and salty aqueous nanodomains.
Water addition to an oil/surfactant mixture results in a dynamically arrested and broad particle size
distribution trapped far from equilibrium, which forms both supercooled liquid-like packings of
ionic micelles and DDQCs. Our findings support the notion that LLP structure intrinsically encodes
the formation of periodic or aperiodic crystals with different nucleation and growth barriers per
recent work by Bates and co-workers.®"2*2 The fragile order in the lyotropic DDQC is readily
apparent, as attempts to prepare pseudo-single domain DDQCs for detailed structural analyses by
oscillatory or steady shear processing drive sample fracture into a glassy state.

The formation of quasicrystals and their periodic approximants in lyotropic and thermotropic
liquid crystals,?®* diblock polymers,?*? and giant shape amphiphiles*® suggests the existence of

scale-invariant self-assembly principles that control access to periodic and aperiodic order in these
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supramolecular materials. Understanding and harnessing this apparent universality may enable the
scale up of (a)periodic order to technologically-relevant length scales toward useful hyperuniform
structures®® with unusual photonic bandgap behaviors.?51-%22% The facile methodology of using
additives to modify the particle size distribution in complex phases may be utilized to access
previously unknown periodic and aperiodic morphologies. Our definitive identification of the
lyotropic DDQC space group symmetry may also aid computational efforts that provide a window
into the preferential formation of 2D QCs with 12-fold aperiodic order in soft matter,?*¢248 which
starkly contrasts the preference for 3D icosahedral order in intermetallic alloys. This materials
behavior dichotomy may stem from differences in the types and numbers of degrees of freedom
that specify the sphere-size distributions, which beget structure formation in strongly correlated

particle ensembles.
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Chapter 4.
Path-Dependent Preparation of Complex Micelle Packings of a Hydrated
Diblock Oligomer

Reprinted from Jayaraman A.; Zhang D. Y.; Dewing B. L.; Mahanthappa M. K. ACS Central
Science 2019, 5, 619-628.

© American Chemical Society, 2019
4.1 Introduction

The structures and properties of diverse classes of materials arise from their path-dependent
solidification transitions from the liquid state. Crystallization of a liquid of spherical particles
typically results in the formation of high packing-fraction structures such as body-centered cubic
(BCC), face-centered cubic (FCC) and hexagonally closest-packed (HCP) crystals, exemplified by
the ubiquity of such ordered phases in elemental metals and their alloys,* solidified noble gases,3®
and hard sphere colloids.*®* In some exceptional cases, pure metals and their alloys also crystallize
into low-symmetry Frank-Kasper (FK) phases, wherein multiple classes of symmetry-equivalent
particles pack into giant unit cells containing > 7 particles.>® One such exemplary packing is the
FK o phase formed by -U,*% 5-Ta,*® and FeCr alloys,*® which comprises 30 particles of five
distinct, symmetry-equivalent classes arranged in a large tetragonal unit cell. While ligand—
decorated nanoparticles,3*-3% sphere-forming block polymers,170-171.176.306 and hydrated surfactant
micelles form FCC and HCP structures,®18" the less dense BCC packing is also commonly
observed.’32 Until recently, soft materials were long thought to adopt only these high-symmetry
packings. However, recent experimental reports describe thermotropic liquid crystals,3+2*%7 block
polymers,36-37:152308 gijant shape amphiphiles,®® and functional nanoparticles®'® comprising charge-

neutral building blocks that form micellar FK phases and related dodecagonal

114



quasicrystals,3740.152.235.242243311 The appearance of these complex phases apparently originates
from a frustrated balance between preserving the preferred local spherical particle symmetry, and
filling space at constant density in order to maximize interparticle van der Waals cohesion.1131%

FK Al5 and o phases have been recently recapitulated in lyotropic liquid crystals (LLCs) of
minimally hydrated ionic surfactants.®-% In contrast to the aforementioned solvent-free self-
assembling systems, low symmetry ionic LLC sphere packings arise from maximization of
counterion-mediated electrostatic cohesion amongst the micelles while minimizing energetically
expensive variations in counterion-headgroup solvation.3:%202 The disparate natures of the non-
covalent forces and the space filling constraints underlying complex phase formation in solventless
non-ionic and solvated ionic amphiphilic materials naturally beg the question: do solvated non-
ionic amphiphiles form FK structures? In this connection, earlier studies of the water concentration-
dependent lyotropic mesophases formed by model poly(ethylene-block-ethylene oxide) diblock
oligomers (“CiE;” surfactants) documented the formation of BCC, FCC, and HCP spherical micelle
packings, as well as FK A15 phases.416%186:312 However, the low symmetry ¢ phase and other FK
phases are strikingly absent in these non-ionic lyotropic systems.

Herein, we describe the water concentration-dependent LLC self-assembly behavior of the non-
ionic amphiphile n-CiH33(OCH2CH,)20-OH (Ci6E20, commercially available as Brij® 58).
Temperature—dependent synchrotron small-angle X-ray scattering (SAXS) studies between T = 25—
100 °C reveal that CiE2o self-assembles into FK A15 phases at LLC compositions comprising ~40
wt% water. Upon heating such samples, we observe an order-to-order transition (OOT) to a BCC
phase, which gives way to a hexagonally-packed cylinders (Hi) morphology at higher temperatures.
However, rapidly quenching this sample to 25 °C surprisingly leads to the development of an
exceptionally well-ordered FK o phase, which only slowly transforms into the original A15 state

upon extended ambient temperature annealing. Thus, we demonstrate a previously unrecognized
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dependence of LLC mesophase morphology on sample thermal history for low molecular weight
ampbhiphiles. These findings highlight analogies between the path-dependent processing of sphere-
forming soft materials and metal alloys, establishing the importance of nucleation and growth
kinetics in the self-assembly of spherical particles across disparate materials classes in accord with

Ostwald’s rule for the crystallization of solids.
4.2 Results

LLC samples were produced by mixing the block oligomer CiEz with variable amounts of
ultra-pure water (18 MQecm), followed by sample homogenization by at least three cycles of
centrifugation (4950 x g for 10 min each) and hand-mixing at 22 °C. The commercial sample of
CisE20 (Brij® 58), which derives from ethoxylation of n-CisH33OH, was used as received without
additional purification. *'H NMR end group analyses reveal that M,nwr = 1074 g/mol, while size-
exclusion chromatography indicates that Mysec = 1000 g/mol with B = Mw/M, = 1.17 (against
poly(styrene) standards). (See Figures S1 and S2 for *H NMR and size-exclusion chromatography
traces, respectively.) The resulting LLC samples were sealed in hermetic, alodined differential
scanning calorimetry (DSC) pans for synchrotron SAXS analysis at the Advanced Photon Source
at Argonne National Lab. Detailed sample preparation and data acquisition protocols are provided
in the Supporting Information. Previous studies of the phase behavior of CisEzo relied solely on
optical microscopy and low resolution SAXS to identify the LLC mesophases formed, thus
precluding definitive morphology assignments,16°313-314

Figure 4.1 presents representative SAXS data for a series of aqueous LLCs formed by
centrifugation in the concentration range 30-65 wt% CisEz, from which a phase map was
constructed using data obtained during the first heating cycle for each composition. Figure 4.1A

depicts a representative SAXS intensity profile for a sample with 32.1 wt% C6Ez at 25 °C, which
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exhibits five scattering maxima corresponding to (111), (200), (220), (311) and (222) peaks of a
micellar face-centered cubic (FCC) lattice with a unit cell parameter a = 13.0 nm. While FCC
packing persists in the range 30 <[CisE20] < 38 wt% at ambient temperature, we find that samples
with [C16E20] = 30—32 wt% undergo a thermoreversible melting transition to a disordered (isotropic)
micellar solution above 60 °C. In the range [CisE20] = 33-38 wt%, heating the as-formed FCC
structure instead drives an order-to-order transition (OOT) to a pure body-centered cubic (BCC)
morphology at T > 60 °C. In some samples, we also observe the expected intervening window of
FCC/BCC two-phase coexistence anticipated by Gibbs’ Phase Rule for two-component systems
(Figure A3.3).31° Further heating to T > 70 °C leads to a BCC — disorder transition, again with an
expected window of two-phase coexistence in some cases.

On increasing [Ci6E20] to 40-54 wit%, the as-formed LLCs yield SAXS patterns with six peaks
at g/o* = V2, V4, V6, V8, V12, V14 (q* = 0.0953 Al at 52.4 wt%) corresponding to a BCC micelle
packing with a (310) scattering peak extinction. LLCs with [C16E20] = 40-45 wt% exhibit an order-
disorder transition (ODT) near T = 80 °C, whereas samples with [Ci6E2] = 45-54 wt% instead
exhibit an OOT to a 2D hexagonally—packed cylinders (H;) morphology that remains stable up to
100 °C. In the weight fraction range 46-50% CisE2 at 100 °C, the H, phase coexists with an
isotropic micellar solution as evidenced by the superposition of a broad correlation scattering peak
on the sharp Bragg scattering (Figure A3.4). SAXS patterns for samples comprising [C1sE20] = 54—
59 wt% display at least 18 sharp SAXS maxima at g/gq* = \2, V4, \'5, V6, etc. consistent with the
FK A15 phase with Pm3(-)n symmetry (space group #223). Note that A15 phases have been
previously observed in aqueous LLCs of structurally homologous long-chain alcohol
ethoxylates.1#16918 The SAXS pattern in Figure 4.1A obtained at 57.9 wt% C16E2 is characteristic
of a FK A15 phase with a unit cell parameter, a = 14.7 nm at 25 °C. At all compositions that form
the FK A15 phase, we observe the same sequence of thermally-induced OOTs: A15 — BCC — H;
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(Figure 4.1B), where the OOT temperature decreases with increasing [C1sE20]. When [C16E20] > 62
wt%, only a thermally stable H, phase forms over the entire accessible range T = 25-100 °C with
intercylinder distances d =~ 7.29 nm. Generally, the ordered LLC unit cell parameters only weakly
depend on hydration and temperature within a given pure phase window (< 5 % variation). A
complete aqueous LLC phase diagram upon first heating for CisEz is given in Figure 4.1B.
Although the Gibbs phase rule anticipates two-phase coexistence windows between each pure LLC
phase,!® the composition resolution of our phase map (~3 wt% increments) revealed only one such
occurrence as noted.

LeBail refinement of the 1D-synchrotron SAXS profile of an A15 LLC using the JANA20062%7
software package enabled quantitative extraction of the structure factor intensities, which were used
as inputs for the SUPERFLIP?¢ charge-flipping algorithm to reconstruct a real-space electron
density map for this phase. The electron density map for the A15 phase formed at 58.9 wt% C16E20
shown in Figure 4.2A represents the 90% negative electron density isosurface obtained by
averaging 11 charge-flipping algorithm convergences (see Supporting Information for
SUPERFLIP input file). Based on the LLC composition and by assuming equal mass densities of
the aqueous and hydrophobic domains, we estimate that the average aggregation number for the
Al15 phase micelles is Nagg = 127 diblock chains. However, the electron density map clearly
indicates that the Al15 phase consists of two symmetry-equivalent classes of quasispherical
micelles, which appear to differ in size and shape. From the 2D electron density map of the z=0
and 1 planes of the A15 phase (Figure 4.2B), the micelles appear to be polyhedral, with facets and
apparent sizes that mirror the shapes and volumes of the Wigner-Seitz (W-S) cells for each

occupied lattice position.
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Figure 4.1. Aqueous LLC phase behavior of C16E20: (A) Synchrotron SAXS patterns exhibiting the formation
of H;, A15 + H,, A15,BCC, and FCC phases at diblock oligomer concentrations ranging 30-65 wt% CisEz.
(B) Temperature versus wt% CisE2 phase portrait depicting the composition-dependent LLC phases that
form, based on synchrotron SAXS analyses of as-prepared samples at 22 °C on the first heating. The solid

lines delineate the approximate locations of the phase boundaries.
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Figure 4.2. (A) Electron density map (90% isosurface) of an A15 phase reconstructed from a 1D-synchrotron
SAXS pattern derived from a LLC with 58.9 wt% CisE20, comprising six coordination number CN = 14
micelles (blue) and two CN =12 micelles (red). (B) 2D electron density map of the z = 0 and 1 planes of the
A15 phase showing faceted micelles, which face each other and mimic the underlying Wigner-Seitz cell

structure of each corresponding lattice position.

Similarly faceted micelles in self-assembled FK A15 and o phases have been previously noted
in X-ray data-derived electron density reconstructions for wedge-shaped dendritic liquid
crystals®>84307 and for lyotropic mesophases of ionic alkylphosphonate LLCs.® In the latter case,
molecular dynamics (MD) simulations by Kim et al. revealed that the negatively charged
alkylphosphonate micelle facets mirror the W-S cell structures of these aqueous FK LLC phases.®!
These MD simulations also demonstrated that the ionic micelle aggregation numbers (Nagg) in the
o phase vary by as much as £9% around the mean volume, whereas related self-consistent mean-
field theory (SCMFT) calculations for solvent-free diblock polymer A15 phases indicate a £3 %
variation in the micelle sizes within a unit cell.¥” The limited resolution of the density map in Figure
4.2A precludes quantitative analyses of such differences in micelle volumes. Nonetheless, the
micelles at different symmetry-equivalent positions appear to have different volumes and thus
different Nagg values.

Thermally cycling LLCs comprising [C1sE20] = 5459 wit% between 25 and 70 °C unexpectedly

leads to the formation of complex morphologies not observed on heating the as-prepared samples.
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Heating a sample comprising 58.7 wt% CisE2o resulted in the sequence of phase transitions A15
(25 °C) — A15 + BCC (37 °C) — H, (60 °C) with increasing T. However, rapidly quenching this
sample from 70 °C to 25 °C by immersion in a thermostatted water bath induces its transformation
from a H, phase to a BCC morphology (a = 9.18 nm) with a series of low intensity SAXS peaks
near the base of the (110) peak after 5 min (Figure 4.3). Isothermal annealing at 25 °C causes the
latter peaks to grow in intensity at the expense of the BCC scattering maxima. After 50 min, the
sample develops a remarkably complex scattering pattern with > 50 sharp SAXS peaks with the
most intense peaks occurring at intermediate g-values (Figure 4.3). This distinctive scattering
signature corresponds to that of a pure Frank-Kasper ¢ phase (P4./mnm symmetry) with tetragonal
unit cell parameters a = 28.4 nm and ¢ = 14.9 nm (c/a = 0.525) (see Figure A3.5 for fully indexed
pattern and Table A3.1 for complete peak listing with residuals). While similar scattering signatures
have been obtained for wedge-shaped dendrons,® block polymers,®-3"152 and ionic surfactant
LLCs,*** this unexpected discovery constitutes an unrecognized example of a lyotropic FK 6 phase
in non-ionic diblock oligomer LLCs.

By applying the SUPERFLIP charge-flipping algorithm to SAXS data for the FK o phase
obtained by quenching a LLC with 58.7 wt% C1sE2o from 60 to 25 °C and isothermally annealing
it for 2 d, we obtained the electron density reconstruction shown in Figure 4.4A (see Supporting
Information for SUPERFLIP input file). This structure exhibits five classes of symmetry-equivalent
micelles located in different environments having coordination numbers CN = 12, 14, and 15,
consistent with prior reports of ¢ phases.?:°253113 |In a manner analogous to the A15 phase, the
micelles in the ¢ phase exhibit facets corresponding to the W-S cell (Voronoi) lattice partition. The
degree of micellar faceting in the ¢ phase (Figure 4.4B) is apparently less pronounced than in the
A15 phase (Figure 4.2B). MD simulations of ionic micelles forming the o phase,® and SCMFT
calculations for ¢ phase—forming diblock polymers show that the micelle volumes vary by +9%
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around the mean value,3"112 which mimics the volume the variation in the W-S cells of the lattice.
Thus, the formation of the ¢ phase suggests the adoption of a discrete Nagg distribution among the

micelles to enable the formation of the specific micelle sizes required by this structure.
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Figure 4.3. SAXS patterns obtained from a LLC having 58.7 wt% C16E20, upon quenching from 70 °C to 25
°C. The HI phase rapidly transforms into BCC, evidenced by the 7 sharp SAXS maxima recorded 2 min after
quenching. The BCC phase then evolves into a well-developed FK ¢ phase on further isothermal annealing

at 25 °C for 50 min.

Further isothermal annealing of this FK o phase at 25 °C for 60 d leads to the development of
new peaks coincident with an A15 phase (Figure 4.5). While the (002) reflection for the A15 phase
is distinct from the (002) peak for the o phase, the relatively close values are consistent with the
observed epitaxial relationship between these tetrahedrally close packed FK phases.5409:23% Qver
a period of 150 d of isothermal annealing at 25 °C, the sample continues to evolve and eventually

transforms into a pure A15 phase (Figure 4.5). Note that the unit cell parameter for this A15 phase
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is identical to that of the initially prepared LLC (a = 14.7 nm), indicating the apparent metastability

of the o phase with respect to the thermodynamically preferred A15 phase at 25 °C.
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Figure 4.4. (A) Electron density reconstruction (90% isosurface) depicting the FK o phase formed by a
sample with 58.7 wt% C16E2 on quenching from 60 °C to 25 °C, followed by isothermally annealing at 25
°C for 2 d. The 30 particles within the tetragonal unit cell belong to five symmetry-equivalent classes
exhibiting coordination numbers CN = 12 (red and blue), 14 (green and purple), and 15 (yellow). (B) 2D-
electron density map of the z = 0 and 1 planes of the ¢ phase, illustrating the more modest faceting of the

micelles as compared to the A15 phase in Figure 4.2B.

In view of the appearance of the FK & phase as a long-lived, metastable liquid crystalline state,
we carefully reassessed the potential accessibility of the o phase on heating. Figure A3.6 furnishes
temperature-dependent SAXS results for a LLC formed at 58.7 wt% CisE2o on heating in 2 °C
increments, with a 5 min sample equilibration time at each temperature, in the window T = 25-60

°C. This in-depth analysis established that the phase sequence on heating is:

37°C 57°C 60°C
A15 — A15 + BCC— BCC — H;
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Within the confidence of these high-resolution and high-sensitivity synchrotron SAXS analyses,
we observe no evidence for even weak peaks corresponding to any other phases. Thus, we conclude
that the o phase is only accessible upon cooling from H, via a transient BCC phase within the
temperature and time resolution of our experiments.

We subsequently examined the impact of sample cooling rate on the formation of the CisE2
LLC FK o phase (Figure 4.6). Rapidly quenching a 58.7 wt% CisE2 LLC from 70 °C to 25 °C
reproducibly forms a FK o phase, which remains unchanged even after isothermal annealing for up
to 3 d. On the other hand, cooling a sample with [C1sE20] = 57.9 wt% from 70 °C to 25 °C at 0.1
°C/min (over 550 min) followed by annealing at 25°C for 2 h yields a SAXS pattern indicative of
a FK o phase with at least three additional peaks that correspond to a coexisting A15 phase. More

explicitly, the additional reflections correspond to the (200), (210), (211), and (400) planes of the

A15 lattice.
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Figure 4.5. SAXS patterns of the ¢ phase obtained from a quenched LLC with 58.7 wt% C1sE20 upon ambient
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temperature annealing for 60 d shows the development of peaks which index to A15 (red markers). Extended
annealing for 150 d reveals that the 6 phase completely reverts to the original A15 phase of the as-prepared

sample, indicating that the o phase is a long-lived metastable liquid crystalline state at 25 °C.

Given the recent recognition that thermal processing sensitively impacts the observed spherical
micelle morphologies of neat diblock polymers,®” we probed the influence of temperature quench
depth on the formation of the LLC ¢ phase formed at [C1sE20] = 58.7 wt%. A relatively shallow
quench of a H, phase at 70 °C (q* = 0.0984 A1) to 50 °C led to the formation of a BCC LLC (g* =
0.0977 A1) that remains stable upon 50 °C annealing for ~ 10 h (Figure A3.7). We note that the
SAXS peak intensities for the BCC LLC evolve even after phase nucleation during the annealing
period, suggesting a relatively long timescale for micelle size equilibration even at this relatively
high temperature. This size equilibration, which presumably occurs through intermicellar chain
exchange of C1sE20 amphiphiles, highlights the dynamic nature of these reconfigurable soft particle
assemblies. Rapidly cooling a sample with the same composition from 70 °C to 40 °C (into the
A15/BCC coexistence window observed on heating) initially drives formation of a BCC structure,
which is followed by ¢ phase nucleation evidenced by the evolution of a second set of weaker
intensity SAXS peaks 10 min after the quench (Figure A3.8). Annealing this LLC at 40 °C for
~18.5 h leads to reduced o phase SAXS peak intensities, suggesting a preference for the BCC
structure at 40 °C. Finally, quenching the sample from 70 °C to 0 °C drives a transition from the
Hi to a BCC morphology exhibiting seven, somewhat broad SAXS peaks with (g/q*)*= 1,2,3...
etc. (Figure A3.9). Upon isothermal annealing at 0 °C over 4 d, this BCC morphology remains
unchanged (i.e., the SAXS peak intensities do not change) with no evidence for 6 or A15 phase
nucleation or growth. Since the BCC morphology comprises only one class of symmetry equivalent
micelles, the formation of either of the FK A15 (two micelle types) or o (five micelle types) phases
requires both significant micelle reconfiguration through interparticle unimer exchange and
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nucleation of a denser, tetrahedral close packing.3*%®

8 = 25°C

— QI

=)

o

Q

A15+0
Cooled to 25 °C

- I at 0.1 °C/min

Log(Intensity) (a.u.)

o
Quenched to 25 °

%

0.06 008 010 012 014 0.16 0.18
q(A")

Figure 4.6. SAXS traces obtained by two different LLC sample cooling protocols from 70 °C to 25 °C: (1)
quenching a sample formed at 58.7 wt% CisE2o at > 60 °C/min and isothermally annealing for > 3 days at
25 °C (blue), and (2) cooling a sample comprising 57.9 wt% CisE2 at 0.1 °C/min followed by isothermal
annealing for 2 h at 25 °C (black). The rapid quench yields a pure ¢ phase, whereas slow cooling yields
coexisting A15 and o phases. The red lines correspond to (200), (210), (211) and (400) peak positions of A15

structure, which are present in the black trace and are absent in the blue trace.

The fact that quenching of the above LLC to 0 °C leads to a stable BCC phase is consistent with
cessation of chain exchange, which retards mass exchange-dependent phase transitions. Note that
SAXS patterns for these quenched samples do not exhibit any signs of crystallization of the alkyl
tails, the PEO segments, or the water in the LLC. Therefore, the cessation of chain exchange must
stem from an increased penalty for extraction of a hydrocarbon chain into the aqueous domain due

to the increased chemical incompatibility of the alkyl core and the agqueous corona at low
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temperatures.®'® A similar temperature-dependent frustration of interparticle chain exchange that
delays ¢ phase nucleation and growth was previously reported by Gillard et al., upon quenching
neat diblock polymers from the disordered state to below the ergodicity temperature (Terg). Below
Terg, long-lived non-equilibrium states comprising disordered yet non-ergodic, liquid-like micelle
packings become trapped.®6113242308 The authors argued that the jammed, glassy state forms due to
increased core-corona segregation at temperatures below Terg that leads to the loss of relaxation
modes required for equilibrium structure formation.

Rapidly quenching the 58.7 wt% CisEz LLC from 70 °C to 30 °C followed by isothermal
annealing leads to the formation of coexisting BCC and o phases after 15 min (Figure 4.7). After
20 min of annealing at 30 °C, we also observe the splitting of the o-phase (002) SAXS peak (red
markers) and the appearance of a new, lower intensity peak at g = 0.0606 A*. After further
annealing this sample for 19.5 h post-quench, we observe the appearance of the (110), (200), (210),
and (211) peaks of the Al15 phase. However, these SAXS features do not develop upon sample
guenching to 25 °C and subsequent annealing for 3 d. These findings collectively suggest that the
thermally activated process of interparticle chain exchange accelerates the reversion of the
metastable o phase to the A15 phase.

The results of these various thermal processing experiments for the 58.7 wt% CisE20 aqueous
LLCs are graphically summarized in Figure 8. The as-made sample produced by centrifugation of
water and the diblock oligomer followed by hand-mixing at 22 °C leads to the formation of an A15
phase with a = 14.75 nm. Heating the A15 phase to 70 °C drives the formation of a H, LLC, which
undergoes the depicted time-dependent transformations upon quenching to temperatures T <50 °C.
At all quench temperatures, we initially observe the nucleation of a BCC phase with slightly
different unit cell parameters. At 50 °C, the BCC phase remains stable upon isothermal annealing

at the quench temperature. Quenching the LLC sample to 40 °C initially forms a BCC phase,
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followed by nucleation of a ¢ phase that reverts to BCC upon extended annealing at 40 °C for 18.5
h. At T = 25 or 30 °C, the initially formed BCC phase transforms into a ¢ phase that slowly reverts

to the original A15 phase (same unit cell parameter).
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Figure 4.7 SAXS traces depicting the nucleation of the FK ¢ and A15 phases from a BCC morphology, upon
quenching an aqueous LLC comprising 58.7 wt% CisE20 from 70 to 30 °C with subsequent isothermal
annealing. BCC/c phase coexistence is observed after 20 min of isothermal annealing at 30 °C, after which
the BCC peak intensities (dashed lines) decrease with concomitant growth of an A15 LLC morphology

indicated by the appearance of the (110), (200), (210), and (211) SAXS peaks (red triangles).
4.3 Discussion

The water concentration-dependent self-assembly behavior of CisEz into lyotropic sphere
packings at 25 °C originates from a frustrated balance of minimizing water-hydrophobic contacts,
while maximizing poly(ethylene oxide) (PEO) corona chain hydration and minimizing repulsive

micellar packing (steric) interactions. In dilute aqueous solution (high H2O contents), theoretical
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and experimental studies have shown that the PEO coronae of C1:Es micelles partially dehydrate
and accumulate near the interface between the hydrocarbon core and the water to mitigate
energetically unfavorable contacts.’®1® The micelles consequently exhibit a core-shell-brush
structure, wherein the hydrocarbon core is surrounded by a dehydrated PEO layer from which
hydrated PEO chains extend. Thus, the core appears larger than anticipated by the amphiphile
composition, and the spatial extent of the hydrated corona is smaller than expected. In a manner
akin to hard spheres, these so-called “crew-cut micelles” pack into a closest-packed FCC
lattice.1®1"* However, maintaining this crew-cut structure as the LLC hydration decreases would
drive further accumulation of ethylene oxide units at the water/hydrocarbon interface and result in
unfavorable intramicellar corona chain overlap. To obviate these unfavorable steric interactions,
the PEO segments of the amphiphiles become more uniformly hydrated and stretched so that the
interfacial area per chain decreases.!’0173317318 The resulting “hairy” micelles, comprising
hydrocarbon cores decorated with stretched PEO arms, now prefer a lower packing fraction BCC
structure to prevent unfavorable intermicellar corona chain overlap. Further decreasing the H.O
content in the LLC drives coronae chain stretching (reduced interfacial area per surfactant) and
transforms the BCC structure into the lower packing fraction Al5 phase to further alleviate
interparticle coronal repulsions,9163170-171173.319 At fixed temperature, note that Nagg increases with

decreasing water content along the lyotropic sequence: FCC — BCC — A15 — H,.
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Figure 4.8. Summary of the results of various thermal processing protocols applied to an LLC with 58.7 wt%
CisE20. The progression of phases upon quenching to 50, 40, 30, and 20 °C is depicted as a function of
log(time). Dotted arrows represent time intervals where no SAXS data were obtained. Numerical values in
the parentheses correspond to the unit-cell parameters (in nm) of the respective phases. The unit cell
parameters of the BCC phase were obtained immediately following the quench (t = 0 s). The unit cell
parameter of the A15 phase as-formed by centrifugation is equal to that of samples that were quenched and

subsequently annealed at 25 and 30 °C for 150 d and 19.5 h, respectively.

The complex temperature-dependent phase behavior of the CisE2 LLCs on heating may be
rationalized in terms of the temperature-dependent water solubility of PEO.3!® On heating the A15
LLC formed at 54-59 wt% Ci6E20, the PEO coronae of the hairy micelles partially dehydrate and
retract toward the hydrophilic/hydrophobic interface due to reduced PEO solubility with increasing
temperature. Thus, heating effectively transforms the hairy micelles into partially crew-cut micelles
that prefer to pack into a BCC lattice. Further heating drives greater PEO dehydration and brings
the micelles into close proximity, so that they fuse along the <111>-direction of BCC to form the
cylindrical micelles of the H, phase.'**?° In a manner consistent with previous reports on solvated
block polymer and small molecule amphiphile dispersions,#320321 the last transition is
thermoreversible. This same molecular-level mechanism also explains the somewhat
counterintuitive thermal transition from a dense FCC packing to sparsely packed BCC for LLCs
with [Ci6E20] < 39 wt%. Heating the crew-cut micelles of the FCC drives further accumulation of
ethylene oxide segments near the water/hydrocarbon interface, as a consequence of reduced PEO
solubility with increasing temperature. The resulting “dry” PEO segments near the
hydrophobic/hydrophilic interface may penetrate into the hydrophobic particle core. Thus, the
particle cores swell and a more loosely packed BCC phase forms in order to mitigate intermicellar

corona repulsions.
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The observed formation of the CisE2 LLC FK o phase from a BCC phase is reminiscent of
previous reports from Bates and co-workers on di- and tetra-block polymer melts.*®13 Since the
FK o phase comprises five distinct classes of symmetry-equivalent micelles (Figure 4) with a
specific Nagg distribution that exhibits a +9% variation around the mean value, the transition from
a BCC phase (in which all micelles are symmetry-equivalent) must stem from micelle
reconfiguration by interparticle amphiphile exchange.®®® Bates and co-workers have rationalized ¢
phase formation in terms of maximizing the van der Waals cohesion of the particle ensemble while
maximizing local spherical particle symmetry. In other words, the block polymers fill space at
constant density while minimizing both interfacial area between the core and corona and
energetically expensive variations in corona segment stretching.'**322 Similar arguments have been
advanced by Rappolt et al. in the case of inverse micellar LLCs.* In order to maximize local
particle sphericity, the micelles reconfigure into a lattice with a higher average coordination number
to introduce more facets to the W-S cells to render them more spherical. According to a metric
developed by Polya,®?® the sphericity of an object with volume V and surface area S may be
quantified using the dimensionless isoperimetric quotient (1Q) = 36xV?/S?, such that IQspnere = 1. The
number—averaged values of the 1Qs for the constituent W-S cells for various phases ascend in the
order: BCC (0.7534) <A15 (0.7617) <5 (0.7623). Consequently, one expects that a frustrated BCC
phase may transform into a FK o phase to maximize local particle sphericity and global lattice
cohesion.

However, the geometrically predicted phase stability of ¢ over A15 based on the 1Q formalism
does not explain the observed metastability of the 6 LLC with 54—59 wt% CisE2 in H,O at 25-30
°C. From the electron density reconstructions given in Figures 2 and 4, we note that the polyhedral
micelle cores in the C1sE20 FK phases reflect the W-S cells (\Voronoi partition) of their underlying

crystal lattices. Therefore, the area of the W-S cells serves as a geometric proxy for the micellar
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interfacial area in each morphology. Upon calculating the W-S cell area per diblock chain for LLCs
formed with 58.7 wt% CisE20 at 25 °C (Ain in units of nm?/diblock chain) assuming a uniform
interfacial tension across all interfaces, one finds that Ain: decreases in the order BCC (1.602) > o
(1.354) > A15 (1.353). This calculation demonstrates that the equilibrium A15 phase formed at 25
°C exhibits a slightly lower interfacial area per chain as compared to the metastable ¢ phase. This
trend in Ain runs counter to that for 1Q, suggesting that the observed morphology reflects a complex
optimization of the interfacial contact area and the entropic penalty for chain stretching to
completely fill space. Grason and co-workers recently reported a general approach for predicting
the phases formed by soft spherical particles in the polyhedral interface limit (PIF), which
highlights the subtle thermodynamic balance underlying phase selection in these systems.111:322
These geometric arguments lead to a nuanced picture of the driving forces for FK o and Al5
phase formation in C16E20 LLCs upon thermal quenching to 25 °C. At 70 °C, the PEO corona chains
of the H, micelles are concentrated near the hydrocarbon/water interface due to decreased water
solubility of PEO at higher temperatures. Quenching this state to 25 °C drives hydration of the PEO
segments, causing the cylinders to pinch off and epitaxially form discontinuous spherical micelles
packed onto a BCC lattice. Rapid cooling of the H, phase likely leads to a non-equilibrium micelle
size distribution in the BCC structure. Note that the rates at which the micellar coronae of these
newly formed particles approach their equilibrium hydration state and equilibrium micelle size
distribution are governed by the relatively slow rate of amphiphile chain exchange between the
micellar particles (see Figure A3.7; vide supra). As the PEO segments drive toward their
equilibrium hydration, the incompatibility between the hydrophobic particle core and the hydrated
corona increases. Consequently, the increased enthalpic penalty of hydrocarbon-water contacts
drives the transition from the BCC phase to ¢ followed by A15 via intermicellar amphiphile

exchange so as to minimize Aix. The fact that the average Nagy are nearly the same in the BCC
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(123.2), o (127.7), and A15 (128.2) phases formed with 58.7 wt% CisE2o at 25 °C suggests that
micelle fission/fusion events are not operative, and that a combination of chain exchange and spatial
redistribution of the micelles effect the overall transition from BCC to A15.

The observed phase sequence BCC — ¢ — A15 on quenching from 70 to 25 °C suggests that
the barrier for BCC — o is relatively lower than that for the direct BCC — A1S5 transition.
Quenching the H, phase at 70 °C to 25 °C drives a low energy, epitaxial transition to a non-
equilibrium BCC phase.1#320-321 We speculate that the distribution of Nagq for the spherical micelles
in this BCC structure is somewhat broad due to the rapid quench conditions. The breadth of this
Nagg distribution more readily allows the formation of the disperse yet discrete distribution of sphere
sizes requisite for o phase formation, wherein Nagg varies by +9% around a mean value. This
transition also enables the system to lower its free energy by reducing Ain. As the chains approach
their equilibrium hydration, the LLC undergoes a transition to the original A15 phase (formed
directly from centrifugation of CisE2 with H,O) to further reduce Ain: while also narrowing the
variation in Nagg to £3% around a mean value. Given the nearly identical average Nagg values for
the o and A15 phases, this transition must involve a subtle spatial rearrangement of the micelles in
addition to chain exchange whereby the slow kinetics imply a significant nucleation barrier. The
fact that we observe a direct A15 — BCC transition on heating from 25 to 70 °C with no intervening
phases also suggests that there is a significant barrier to nucleation and growth of the ¢ phase from
A5, possibly due to the required broadening of the micellar Nagg distribution. Ha et al. have
recently reported similarly slow nucleation of FK A15 phases of phosphonate block polymer LLCs
in ionic liquids upon cooling from the disordered micellar state.*** These findings highlight the
competing roles of nucleation and growth Kinetics that underlie complex phase formation in
amphiphilic soft materials. Note that the formation of a metastable ¢ phase upon quenching LLCs

to T <30 °C is reminiscent of Ostwald’s step rule in solid crystallization: the least stable polymorph
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nucleates first upon cooling a melt or a super-saturated solution of the solid.®? In this present case,
both the metastable BCC and o structures nucleate first and only slowly convert to the equilibrium
A15 phase.

Epitaxial transitions between micellar phases in aqueous LLCs of a homologous Ci:E1»
amphiphile were previously investigated by Sakya et al.}* The aqueous LLC phase behaviors of
C12E12 and CigE2o are similar in that both amphiphiles form FCC, BCC, A15 and H, phases with
increasing diblock oligomer concentration. Additionally, Ci2E1» LLCs display the temperature-
dependent OOT sequence A15 — BCC — H;— disordered micelles in a narrow composition range.
Cooling such LLCs from high temperature while applying shear triggers an epitaxial transition
from an aligned H, to a shear-oriented BCC phase as expected. However, further cooling of this
oriented BCC phase led to a complete loss of alignment and the development of SAXS patterns
that could not be indexed. Based on similarities between the LLC phase behaviors of C1;E;2 and
CisE20 and the thermal processing protocols employed, we surmise that the unreported pattern may

have been a C1;,E12 LLC o phase or some other tetrahedrally closest packed FK structure.
4.4 Conclusions

The aqueous LLC phase behavior of the model diblock oligomer Ci6E20 Was investigated using
temperature-dependent SAXS. In the composition range 54-59 wt% CisEz, We observe the
formation of a FK A15 phase upon mixing the amphiphile with water. Upon heating this LLC, we
observe temperature-dependent order-order transitions to a BCC structure, followed by formation
of a H, morphology. However, rapidly quenching the H, phase from 70 °C to 25 °C leads to the
nucleation and growth of a previously unrecognized FK o phase, comprising 30 quasispherical
micelles packed into a gigantic tetragonal unit cell. This unexpected finding establishes that the ¢

phase generically forms in systems comprising hydrated ionic surfactants, hydrated non-ionic
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diblock oligomers, and solvent-free diblock polymers in spite of the disparate intermolecular forces
stabilizing these self-assembling systems. Extended ambient temperature annealing of the LLC FK
o phase results in its remarkably slow reversion to the original A15 phase over the course of 150
days. These findings highlight the unappreciated dependence of LLC morphology on sample
thermal history for low molecular weight amphiphiles, which can guide the nucleation and growth
of metastable intermediate phases.

The accessibility of myriad particle packings in a given amphiphile system depends on a subtle
competition between equilibrium self-assembly thermodynamics and the barriers to phase
nucleation and growth. Since thermal processing of both hard and soft materials enables access to
fundamentally interesting and commercially important metastable states, one may be tempted to
draw parallels between their processing characteristics. For example, rapidly quenching low
carbon-content austenite (FCC y-Fe) drives its diffusionless transformation into a body-centered
tetragonal martensitic steel that is metastable with respect to the a-ferrite (BCC) and cementite
(FesC).%2® However, quasispherical particle packings observed in solvated block polymer and
related amphiphile dispersions stem from diffusion-dependent, interparticle chain exchange
between the micelles to reconfigure their sizes and consequent packings. The kinetics of these chain
exchange events depend sensitively on the incompatibility between the core domain and the solvent
and the core block mobility.?*5327 High amphiphile concentrations and lattice ordering of their
micelles are known to decelerate chain exchange by over an order of magnitude, as compared to
dilute solutions.®'® Therefore, slow unimer dynamics enable the nucleation of higher energy states
which become kinetically trapped, because large activation barriers inhibit fast relaxation to the
equilibrium structure.®"3% Aside from thermal processing, we envision that unimer dynamics in the
systems studied here may be tuned by variations in solution pH, addition of exogenous electrolytes,

or other environmental stimuli. This conceptual framework for understanding the complex free
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energy landscape underlying solvated amphiphile self-assembly suggests that subtle changes in the
conditions under which they aggregate and assemble may beget access to exciting, new and

undiscovered states.
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Chapter 5.
End Group-Dependent Complex Micellar Self-assembly of Hydrated Diblock
Oligomers

5.1 Introduction

Selective solvent addition to amphiphiles drives formation of ordered supramolecular soft
materials known as lyotropic liquid crystals (LLCs), which display mesoscale ordering at length
scales commensurate with their constituent small molecules,*”?%® block oligomers,**1’" or block
polymers.170-171.328 A variety of segregated morphologies emerge on solvated amphiphile self-
assembly, the topologies of which depend primarily on amphiphile structure and solvent
concentration, including lamellae (L.), triply periodic multiply continuous networks (e.g., double
gyroid and double diamond),**"32® hexagonally-packed cylinders (H), and spherical micelle
packings.'®31202 | LCs thus present enticing opportunities for bottom-up molecular design of
mesostructured soft materials at tailored length scales for morphology-specific applications as
selective separations membranes,®?°-3% therapeutic encapsulation and delivery vehicles,”1%%° and
photonic crystals.?®>%! Modulation of the amphiphile assembly medium by changing solvent
composition, aqueous pH, and the addition of exogenous electrolytes,'® furnishes alternate means
for controlling LLC structure subject to the kinetics of amphiphile rearrangement and ordered
morphology nucleation and growth.

Hydrated surfactant micelles typically organize into high-symmetry body-centered cubic
(BCC), face-centered cubic (FCC), and hexagonally closest-packed (HCP) structures in a manner
analogous to elemental metals.3? These structures form as Type | phases in which the micelle cores
are hydrophobic, and Type Il phases with hydrophilic micelle interiors. However, recent studies of
minimally hydrated alkylphosphonate surfactant LLCs demonstrated the unexpected formation of
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a complex Type | micellar Frank-Kasper ¢ phase with a large, low-symmetry tetragonal unit cell.
Well-known in Fe-Cr alloys®™ and elemental 8-U**? and p-Ta,* the o phase is an archetypal member
of a class of low-symmetry structures known as Frank-Kasper (FK) phases that were geometrically
formulated to rationalize the complex particle packings encountered in intermetallic alloys.%?52
Tetrahedrally close-packed FK phases exhibit 12-, 14-, 15-, and 16-fold lattice coordination
environments with > 7 particles of at least two discrete types packed into low-symmetry unit cells,
such that the average coordination number (CN ayg) > 13. More specifically, the ¢ phase comprises
30 micelles of five symmetry-equivalent classes that conform to a discrete aggregation number
(Nagg) distribution that is geometrically specified by the unit cell structure. The first soft matter FK
phases were observed in aqueous LLCs of hydrated lipids and their mixtures, as well-known Type
I A15 (Pm3n symmetry)'®® and Type Il Laves C15 (Fd3m symmetry)® structures. Decades after
these initial discoveries, complex FK phases were observed in wedge-shaped dendrons,*#2 neat di-
and tetrablock polymers,®®3¢ giant-shape amphiphiles,*>*! ionic and non-ionic aqueous
LLCs,3977 and sugar-terminated polyolefins.16%-16! The magnitudes of the intermolecular forces
underlying these phases span weak van der Waals interactions in the case of neutral building blocks,
H-bonding involving water and sugar moieties in block oligomers, and long-range electrostatic
interactions in ionic small molecule amphiphiles. The universal, scale-invariant complex micelle
packing phase behaviors of these self-assembled soft materials and their intermetallic counterparts
is striking.

Phase selection in self-assembled soft micellar assemblies may be directed through judicious
thermal processing or by co-assembly with carefully designed additives. Thermal and shear
processing of solvated and neat diblock polymers enables access to new phases, including the first
reports of both C14 and C15 Laves intermetallic structure analogs in diblock polymers by Bates
and co-workers.*"9176-177 Syelling of hydrated alkylcarboxylate micelle cores with n-decane also
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triggers formation of Laves C14 and C15 mesophases.?®? This last strategy was recently
extrapolated to BCC sphere-forming diblock polymers, whereby blending of a homopolymer nearly
identical to that of the particle core domain drives o, C14, and C15 phase formation.?°’ Bates and
co-workers have also demonstrated routes to Al5 and o phases and aperiodically ordered,
dodecagonal quasicrystals (DDQCs) in bidisperse blends of polystyrene-block-poly(1,4-
butadiene), wherein the constituents form only canonical BCC and hexagonally-packed cylinders
(H) phases.’® In a related finding, Takagi and co-workers demonstrated that the formation of
complex particle packings in poly(1,4-butadiene)-block-poly(e-caprolactone) sensitively depends
on the molecular weight of the polybutadiene corona dopant.28-1%° Electron density reconstructions
and self-consistent field theory calculations for some of these phases indicate that self-assembled
micelles in these complex phases exhibit polyhedrally warped core-corona interfaces that assume
the shapes of the corresponding Wigner-Seitz (W-S) cells of the underlying lattice.33"%¢ The
diblock foam model developed by Grason and co-workers rationalizes the experimentally observed
formation of FK phases in terms of a delicate balance between the amphiphile interfacial area and
chain stretching in the polyhedral surface limit.1*1112 Within this framework, dopant addition in the
matrix or core nanodomains of FK phases modulates either the micellar interfacial area or the
corona chain stretching to allow access to new particle packings.

A recent report by Jayaraman et al. documented the rich aqueous LLC phase behavior of the
hydroxyl-terminated polyethylene-block-poly(ethylene oxide) oligomer CigHzs(OCH2CH,)200H

(C16E20), which exhibits the Type | phase sequence H, = A15 — BCC — FCC with increasing

hydration.r”” Formed at 54-59 wt% CisE2 in H20, the A15 phases undergo thermally-induced
order-to-order (OOT) transitions into H; morphologies at 70 °C. However, rapidly quenching these
samples to 25 °C unexpectedly enables nucleation and growth of a long-lived, metastable FK o

phase that reverts to the original A15 phase after ~150 d of isothermal annealing (Figure 5.1).
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Electron density reconstructions obtained from the A15 and o phases reveal polyhedral micelle
distortions, suggesting that intercorona interactions play important roles in micelle cohesion,
ordered phase nucleation, and morphology stabilization. Given the documented impact of polymer
end groups on their self-assembled morphologies®* and the inference that the Ci6E20 endgroups
are situated near the micelle peripheries, the hydroxyl end groups may play a non-trivial role in the
stabilization of the metastable o phase and its slow reversion to the original A15 structure.

Herein, we demonstrate that end group modifications of CisEzo substantially alter the its LLC
phase behavior and lead to the stabilization of complex Type | quasispherical micellar assemblies
with periodic crystalline and aperiodic quasicrystalline mesoscale order. We specifically report the
synthesis and phase behavior of CisEz amphiphiles bearing carboxylic acid (-COOH), sodium
sulfonate (—SO3 Na*), and trimethylammonium chloride (-NMes*Cl") end groups. These studies
reveal that carboxylated and sulfonates amphiphiles form FK o phases at 25 °C that
thermoreversibly transition into H; morphologies on heating. However, the trimethylammonium-
terminated surfactants serendipitously self-assemble into a dodecagonal quasicrystal (DDQC).
While this quasicrystalline state rapidly transforms into a H, phase on heating, the reverse transition
on cooling is slow and leads to less well-formed structure that remains indefinitely stable at 25 °C.
The formation of the periodic FK phase and DDQC are rationalized within the polyhedral surface
limit framework augmented by specific interactions induced by amphiphile end group identity.
Thus, these studies highlight the previously unrecognized role of coronal end group interactions in

complex micellar phase stabilization.

140



100—_0000()() O Ola A_] ee]e o o e °

Dis. Micelles ~ [X™

80%0()00()0 o o ecle o o |0 °

Temperature (°C)

_
30 35 40 45 50 55 60 65
%wt C, E

1620

0) OH
N '+41.3%H,0

<& JuE

Quench
to 25°C
Anneal |

for 150 d

Figure 5.1. (A) Temperature versus amphiphile weight fraction phase portrait of hydroxyl-terminated CisE20
reported by Jayaraman et al., documenting formation of FCC, BCC, FK Al5, and H, phases on decreasing
hydration. (B) Aqueous LLCs formed at 54-59 wt% CisE20 adopt A15 structures that undergo OOTs to BCC
and H, morphology at elevated temperatures, yet quenching the H, phase to 25 °C nucleates a FK ¢ phase
that only slowly reverts to the original A15 phase over 150 days. Reprinted (adapted) with permission from
Jayaraman A.; Zhang D. Y.; Dewing B. L.; Mahanthappa M. K. Path-Dependent Preparation of Complex
Micelle Packings of a Hydrated Diblock Oligomer. ACS Central Science 2019, 5 (4), 619-628. Copyright

2019 American Chemical Society.

5.2 Experimental Section

Materials. All materials and regent grade solvents were purchased from Sigma-Aldrich

(Milwaukee, WI) and used as received unless other noted. NaH was used as a 60 wt% suspension

141



in mineral oil. 1,3 propanesultone and p-toluenesulfonyl chloride (TsCI) were obtained from Alfa
Aesar (Will Barr, MA). 7.3 M NMejs in H,0 was purchased from Acros Organics (Geel, Belgium).
Anhydrous NEt; was obtained by drying and distilling from CaH.. Acetonitrile was dried over
P.Os, purified via distillation and stored under a N atmosphere. Anhydrous, anaerobic
tetrahydrofuran (THF) and CH:Cl, were obtained by sparging analytical grade solvent with
nitrogen for 30 min followed by cycling through a column of activated alumina for 12 h in a
Vacuum Atmospheres solvent purification system. All glassware were dried in an oven maintained
at 140 °C for at least 12 h prior to use. Ultra-pure water (18 MQecm) obtained from Thermo
Scientific™ Barnstead™ Smart2Pure 3 UV/UF water purification system was degassed by
sparging N2 () for > 30 min.

Molecular characterization. *H and **C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance 400 MHz with Smartprobe or Avance-500 with DCH cryoprobe.
They were referenced relative to the residual proton shift in CDs;OD-d4 (§ 3.31 ppm) or CDCls (6
7.26 ppm).

Synthesis of C16E21—C. Inside a glove box under argon, CisE2—OH (10.03 g, 9.34 mmol) and
NaH (1.56 g, 4.27 equiv.) were weighed into 100 mL and 200 mL Schlenk flasks, respectively. The
flasks were sealed using rubber septa and brought outside the glove box. Anhydrous CH3;CN (50
mL) was added to CisE20 under N2 to yield a cloudy solution. An addition funnel was attached to
the flask containing NaH under flowing N, which was subsequently cooled to 0 °C using an ice
bath. The CisE20 solution was added to NaH over 10 min and the 100 mL flask was further washed
using 20 mL CHsCN to recover any residual CisE2. The ice bath was removed, and the reaction
was allowed to proceed at room temperature (RT) for 1.5 h after which it was again cooled to 0 °C.
A solution of 2-bromoacetic acid (2.57 g, 2.04 equiv.) in CH3CN (10 mL) as added to the reaction
flask dropwise using the addition funnel over 40 min. The flask as allowed to warm to 22 °C over
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12 h. The reaction mixture was quenched by the addition of 1 M HCI (50 mL) at 0 °C. All organic
volatiles were removed to yield a cloudy aqueous solution, which was diluted by addition of 50 mL
CH:Cl,. The mixture was transferred to a separatory funnel and the layers were separated. The
aqueous layer (top) was washed using DCM (2 x 70 mL) and the combined organic layers were
washed with 1 M HClg (1 x 50 mL), sat. NaClg) (2 x 40 mL). The organic layer was dried over
anhydrous Na,SOus) and all volatiles were removed in vacuo. The white solid thus obtained was
re-dissolved in DCM (15 mL) and precipitated in hexanes twice. The supernatant solution was
decanted and the resulting solid was azeotropically freeze-dried from CsHs. Yield : 7.1 g (61.5%).
IH NMR (400 MHz, CDCls, 22 °C) § (ppm): 4.17 (O—CHz—COOH, s, 2H) 3.66 (—~OCH2CH2z—, m,
85H), 3.46 (CH,—CH>—OCH,CH,, t, 2H), 1.59 (CH,—CH>—OCH:CH>—, p, 2H), 1.27 (CH,—CH,
m, 25H), 0.91 (CHs—CHba, t, 3H).

Synthesis of Ci6E15—S. C16E20—OH (5.01 g, 4.66 mmol) and NaH (411.9 mg, 2.27 equiv.) was
added to a 100 mL Schlenk flask under Ar atmosphere inside a glove box. The flask was sealed
with a rubber septum and removed from the box followed by addition of dry CH3CN (30 mL) under
N, atmosphere. After stirring for 1.5 h, 1,3-propanesultone was dissolved in 10 mL CHs;CN and
transferred to the reaction flask under N2. The reaction was allowed to proceed for 12 h at RT in
the inert atmosphere. The orange-tinged, heterogenous reaction mixture was quenched by the
addition dH,O (20 mL) followed by stirring for 1 h. The contents of the flask were transferred to a
separatory funnel and the layers were separated. The lower agueous layer was washed with CH,Cl,
(3 x 50 mL) with intermittent addition of NaCl to break any emulsions formed during these
washing steps. The organic layers were combined and washed with 50 mL saturated NaClaq)
solution and dried over Na,SQs (). All volatiles are removed to yield an orange solid. The solid was
dissolved in 30 mL CHCI, and 1.05 g activated charcoal was added. After stirring for 1 h, the
mixture was eluted through a silica gel column by sequential addition of 150 mL CHCl;, 150 mL
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ethyl acetate, and 250 mL MeOH. The fraction containing the product was isolated and filtered to
remove fine silica particulates and yield a clear and colorless solution. Removal of volatiles yielded
a yellowish-white solid, which was dissolved in CH>Cl, and precipitated in pentane three times.
The solid thus obtained from decantation of the supernatant was azeotropically freeze-dried from
CeHe. Yield: 3.5 g (60.9 %) *H NMR (400 MHz, CD4OD, 22 °C) § (ppm): 3.67 (-OCH2CHz—, m,
77H), 3.49 (CH,—CH,-OCH.CH,, t, 2H), 2.89 (O—CH,—CH,—CH>-SO3Na, m, 2H), 2.06
(O—CHz~CH2~CH2-SOsNa, m, 2H), 1.59 (CH,~CH,~OCH.CH,—, p, 2H), 1.31 (CH2—CHa, m,
25H), 0.92 (CH3—CHp, t, 3H).

Synthesis of CigE21—N. C1sE20—OH (5.99 g, 5.58 mmol) was weighed into a 200 mL Schlenk
flask under Ar ) inside a glove box. The flask was sealed with a rubber septum and brought out to
a Schlenk line, where an addition funnel was attached under a flush of Nyg). EtsN (4.6 mL, 5.60
equiv.) and anhydrous CH.CI, (20 mL) were sequentially added and this mixture was cooled to 0
°C. A solution of TsCl (2.00 g, 2.64 equiv.) in 10 mL anhydrous CH.CI, was added over a period
of 10 min. The clear and colorless reaction was allowed to proceed for 12 h at 22 °C. The reaction
mixture was then filtered through a medium frit, and the resulting white residue was washed with
ethyl acetate. Volatile solvent removal from the combined filtrates yielded a yellowish-white solid.
The solid was treated with EtOAc (30 mL) and 1 M HCI (40 mL) and this mixture was transferred
to a separatory funnel to facilitate layer separation and isolation of the organic layer. The lower
aqueous layer was then washed with EtOAc (3 x 40 mL). The combined organic layers were then
washed with saturated NaHCO3(q) (2 x 40 mL) and saturated NaClg) (2 x 40 mL), followed by
drying with anhydrous Na;SOus). All volatiles are removed from the resulting solution to furnish
the C16E20—OTSs as a waxy white solid, which was used without further purification.

The C16E20—-OTs solid intermediate was dissolved in CH3CN (60 mL) in a 200 mL round bottom
flask and 10 mL of N(CHs3)s@aq) (>10 equiv.) was added. The reaction was stirred for 12 h and the
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volatiles were removed in vacuo to yield a white solid, which is presumed to be an ammonium
tosylate salt. MeOH (80 mL) and DOWEX® 1x4 chloride form ion chloride ion exchange resin
(30.8 g) were added to the solid and stirred for 4 d at RT. This solution was filtered away from the
ionic exchange resin, which was subsequently washed with MeOH (100 mL). Passage of the
combined filtrates a Celite plug yielded a colorless solution. Upon removal of the volatile solvents,
the resulting white solid was re-dissolved in CH,Cl, and precipitated in hexanes twice. The final
product was azeotropically freeze-dried from CgHs to yield a white solid. Yield: 2.9 g (41.5 %). 'H
NMR (400 MHz, CD4OD, 22 °C) & (ppm): 3.98 (—~OCH,CH>—N(CHs)sCl, m, 2H), 3.66
(—~OCH2CHz—, m, 82H), 3.49 (CH,~CH,—OCH,CHa, t, 2H), 3.24 (—-CH;~N(CH3):Cl, s, 9H), 1.59
(CH2—CH2-OCHCH2—, p, 2H), 1.31 (CH2—CH2, m, 25H), 0.92 (CH3—CHz, t, 3H).

Lyotropic Liquid Crystal (LLC) Sample Preparation. Desired amounts of polymer were
massed into 1-dram vials inside an anhydrous glove box and requisite amount of ultra-pure water
was added. The samples were homogenized by three cycles of centrifugation (4950xg, 10 min) and
hand-mixing at 22 °C to yield transparent soft solids. Sample vials were sealed with Parafilm® to
prevent LLC dehydration and samples remained sealed when not in use.

Small-angle X-Ray Scattering (SAXS). The samples were quiescently equilibrated at 22 °C
for 24 h before their morphologies were investigated using synchrotron SAXS analyses. Using an
incident beam energy of 13.3 or 14.0 keV (L =0.932 or 0.886 A) and a 3.617 m sample-to-detector
distance at the 12-1D-B beamline of the Advanced Photon Source (Argonne, IL), synchrotron 2D-
SAXS patterns were recorded on a Pilatus 2M (25.4 cm x 28.9 cm rectangular area) detector with
1475 x 1679 pixel resolution (172 um x 172 um pixel size). The scattering wavevector (q) scale in
these patterns was calibrated using a silver behenate standard (d = 58.38 A). LLC samples were
hermetically sealed in alodined aluminum DSC pans (TA Instruments, Newcastle, DE), which were
equilibrated at the desired temperature in a home-built multi-sample heated array stage for at least
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10 min prior to data collection (typical exposure times ~ 1 s).

Preliminary SAXS measurements were made using a SAXSLab Ganesha300XL instrument in
the Characterization Facility, University of Minnesota. Cu K, X-rays (. = 1.54 A) generated by a
Xenocs Geni3DX source were collimated through 2 or 3 sets of 4-bladed motorized, “scatterless”
slits. 2D-SAXS patterns were acquired using a Dectris EIGER R 1M detector (7.72 cm x 7.99 cm
rectangular area) with 1030 x 1065 pixels (75 pum x 75 pum pixel size) at a sample-to-detector
distance of 46.8 cm. Samples were sealed in home-built sample holders with Kapton windows and
equilibrated at the desired temperature on a Linkam hot stage for ~20 min within an evacuated
sample environment prior to data acquisition (typical exposure times ~10 min).

The resulting 2D patterns were azimuthally-integrated to obtain one-dimensional scattered
intensity  I(q) wversus q plots, using the DataSqueeze software package

(http://www.datasqueezesoftware.com/). The 1D scattering intensity profiles were analyzed using

freely available Igor Pro procedure files developed by our group.

5.3 Results

The end groups of commercially available non-ionic amphiphile CisE2o (also known as Brij®
58) were modified by the functional group transformations outlined in Scheme 5.1 to install
carboxylate, sulfonate, and trimethylammonium end groups (see section 5.2 for synthesis details).
Hydroxyl-terminated CisE2 was deprotonated using NaH in anhydrous CHsCN to form the
corresponding sodium alkoxide. Treatment of this strong nucleophile with electrophilic
BrCH,COOH and 1,3-propanesultone yielded the carboxyl- and sulfonate-terminated oligomers
Ci16E21—C and CisE19—S, respectively. Quaternary ammonium chloride end-functionalization of
this CisE20 oligomer was instead achieved by alkylation of NMes with the end-tosylated parent

ampbhiphile, followed by tosylate ion exchange to chloride over a DOWEX® resin to yield Ci6E2-
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N. The crude oligomers were precipitated into hexanes or pentane twice and azeotropically freeze-
dried from C¢Hs before LLC sample preparation. Number averaged molar masses (M;) of the
modified C1sE20 amphiphiles were determined by *H NMR spectroscopy with end group analysis
(Figures A4.1-A4.3), the results of which are summarized in Table 5.1. Note that the purification
the modified oligomers by non-solvent precipitation selectively fractionated these samples to yield
higher M, molecules that are sometimes slightly enriched in ethylene oxide units relative to the

parent amphiphile.

Scheme 5.1. Synthetic modification of hydroxy-terminated Ci6E 2o to access CisE21—C, C16E10—S, and

C16E21—N.

1. NaH (4.0 equiv.)/CH3CN O\/i\ Py
2. BrCH,COOH (2.0 equiv) 2(13 COOH
7

CH3CN, 0°C - RT, 12 h

1. NaH (2.0 equiv.)/CH3CN o\/+
> 07" s0;Na
Q3420 7 19

\

o (1.5 equiv.)

W CH3CN, RT, 12 h
OSOQCI (2.5 equiv.)

NEt; (> 5 equiv.)
DCM,0°C > RT, 12h N
. > o) S,
2. N(CHg)s (aq) (> 10 equiv. \M\Jf v]LN i
CH3CN, 25°C, 12 h 7 21\

3. DOWEX® 1x4 chloride form
MeOH, 25 °C, 48 h

Table 5.1. Molecular characterization of the modified oligomers used in this study

Structure Abbreviation M, (g/mol)

WO\/]\O CisE20 1074.2*
\/1\ CisE21—C 1237.1
“>COooH
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C16E19—S 1232.5
0]
W v]LO/\/\sosNa
7 19
WO%&) _ Ci6E21—N 1253.0
. (o

21\
*Reported in a previous study Ref [177].

LLCs were prepared by addition of varying amounts of ultrapure water (> 18 MQecm) to the
ampbhiphiles followed by homogenization by three cycles of centrifugation and hand-mixing. The
samples were allowed to rest for at least 24 h prior to structure characterization by temperature-
dependent synchrotron small-angle X-ray scattering analyses (SAXS; see Section 5.2 for sample
preparation and synchrotron SAXS data acquisition details).

The aqueous LLC phase behavior of C16E2:—C was studied over the composition range 2870
wt% amphiphile between 25-100 °C (Figure 2). Freely flowing aqueous dispersions with
[Ci6E21—C] < 28 wit% yield SAXS patterns devoid of sharp diffraction peaks, consistent with the
formation of disordered micelle solutions. Increasing the amphiphile composition fraction to 30.2
wt% drives a lyotropic disorder-to-order transition that results in self-assembly of FCC LLCs
evidenced by scattering maxima located at (q/3g*)? = 1, 4, 8, 11 and 12 (g* = 0.0830 A™%). This
closest-packed lyotropic phase undergoes a thermotropic order-to-disorder transition (ODT) to a
solution of disordered micelles at 40 °C. However, the morphology obtained on cooling the
disordered state to 25 °C exhibits an anisotropic spot pattern with numerous additional peaks not
predicted by the Fm3m space group symmetry (Figure A4.4A), along with the notable appearance
of Bragg rods in the 2D-SAXS pattern (Figure A4.4B). These scattering data suggest the formation
of an FCC LLC with numerous stacking faults in the expected ABCABCA... sequence of closed
packed (111) planes of micelles.*® The presence of stacking faults in a lattice typically manifests as
Bragg rods'” and additional diffuse scattering maxima in the resulting SAXS patterns.®**

LLCs comprising 33-64 wt% CisE»1—C yield scattering patterns with maxima that stem from
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the (110), (200), (211), (220), (222), and (321) reflections of a BCC micelle packing. Those samples
containing [C1sE21—C] < 50 wt% undergo ODTs on heating to 100 °C, whereas samples containing
50-64 wt% amphiphile instead exhibit order-to-order transitions (OOTS) to H, phases at T = 100
°C. In the composition window spanning 64—69 wt% CisE21—C, we acquired striking SAXS
patterns that exhibit 60 instrument resolution-limited scattering peaks with the characteristic
intensity profiles of FK ¢ phases having P4,/mnm space group symmetry. For example, SAXS
analysis of the LLC formed at 66.2 wt% CicE21—C (Figure 5.2A) reveals a FK ¢ phase with a
tetragonal unit cell parameter a = 27.00 nm and the expected c/a = 0.527 (see Figure A4.5 for fully
indexed pattern and Table A4.1 for list of peaks and residuals) on the basis of previous soft matter
analogs.?*-%40 The ¢ phase transitions to a H; morphology on heating to 60 °C, in which the
discrete spherical micelle size distribution required for FK phase formation is presumably erased
by fusion into ordered cylindrical micelles. The fact that this last transition is reversible on cooling
with no hysteresis nor any apparent intermediate states implies that the specific micelle size
distribution required for ¢ phase formation reflects the thermodynamic equilibrium state at 25 °C.
We note that the unit cell parameters of the o phase formed by CisE21—C are ~5% smaller than
those of that formed by CisE2o, probably as a consequence of the lower H,O content at which this
phase forms in the carboxy-terminated amphiphile. Within the ~2 wt% resolution increments of the
phase diagram given in Figure 5.2B, CisE2:—C does not form any FK A15 phases. Thus, these
observations starkly contrast the phase behavior of unmodified CisEz for which A15 is the
equilibrium phase with a long-lived, metastable o state is achieved only on cooling from the high
temperature H, phase.”’

LLCs with [Ci6E21—C] > 69 wt% form coexisting ¢ and H; phases in a narrow composition
window (Figure A4.6). The samples transition to a cylindrical micelle packing at T = 40 °C, which

upon cooling to 25 °C, forms coexisting ¢ and BCC phases. Isothermal sample annealing for 6 h at
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22 °C leads to its reversion to the original H, + o coexistence observed in the as-made sample,
illustrating the slow dynamics of the phase transitions in these strongly segregated LLC systems.
For completeness, we note that the resolution of the phase map in Figure 5.2B precludes the
observation of all phase coexistence windows, as anticipated by the Gibbs phase rule.

Stimulated by the dramatic changes in LLC phase behavior afforded by carboxylic acid end-
group modification of the parent C1sE20 amphiphile, we investigated the LLCs formed by Ci6E15—S
with a sodium sulfonate terminus. A temperature versus amphiphile weight fraction LLC phase
diagram constructed by SAXS phase mapping is given in Figure 5.3 for this amphiphile. The
lyotropic ordering transition into coexisting BCC/FCC phases for this sulfonated amphiphile
(Figure A4.7) occurs at a much lower composition of 20 wt% amphiphile as compared to the
carboxylated surfactant (Figure 5.2B), and the former BCC LLCs remain thermally stable up to
100 °C. Since this phase diagram was mapped with a lower resolution (larger wt% increments)
with a focus on FK phase formation, the expected pure FCC LLC window was not documented.
LLCs with [C1sE19—S] = 57-64 wt% form FK ¢ phases at 25 °C (see Figure A4.8 for illustrative
SAXS pattern and Table A4.2 for list of peaks and residuals). Quantitative comparisons of the unit
cells of these o phases reveal that C1sE19—S lattice constants are ~5% larger than those for C16E21—C
at nearly identical water contents. Moreover, the sulfonated amphiphile stabilizes the ¢ phase over
a wider composition window than its carboxylated counterpart. As-formed o phase LLCs of
CisE19—S also transition to the H, phase upon heating to 60 °C, again with an intervening
temperature window of H, and o phase co-existence observed for samples with lower water
contents. Cooling the H, morphology to 25 °C again triggers a transition to coexisting BCC and
phases that revert to the pure, as-made o phase over 2 months. This transformation pathway and
timescale to the initial structure compares well with the slow H, — BCC — ¢ — Al5
transformation at T = 25 °C previously reported for hydroxy-terminated CiE2o LLCs. From this
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observation, we deduce that the presence of the ionic sulfonate end group does not appreciably alter
the phase transformation mechanism by intermicellar chain exchange and micelle rearrangements.
In the concentration window 64—67 wt% CisE19—S, as-formed LLCs exhibit coexisting A15 + ¢ +
H, phases (Figure A4.9). While the A15 phase is typically expected at lower hydrations than the ¢
morphology by analogy to ionic small molecule surfactant LLCs,31% the Gibbs phase rule disallows
three-phase coexistence at equilibrium. Thermally cycling these samples from 25 °C to 100 °C
leads to ¢ + H, coexistence, and thus we conclude that the as-formed A15 LLC is metastable. This

behavior contrasts that of CisE2o that forms an equilibrium A15 phase and a metastable ¢ LLC.*’
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Figure 5.2. (A) Representative synchrotron small-angle scattering intensity profiles obtained from

C16E21—C aqueous LLCs at the specified compositions, annotated with Miller indices for the
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corresponding diffraction peaks for the FCC, BCC, and H, phases; see Figure A4.5 for a fully indexed o
phase pattern. (B) Phase diagram depicting the LLC morphology progression of CisE21—C as a function
of hydration and temperature, which demonstrates the formation of disordered micelles, FCC, BCC, ¢ and
H, phases with increasing amphiphile content in LLCs. Solid black lines indicate approximate phase

boundary locations within the ~2 wt% phase mapping protocol.
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Figure 5.3. Temperature versus wt% CisE19—S morphology diagram derived from temperature-dependent
synchrotron SAXS phase mapping on the first heating cycle from 25 to 100 °C. As-made ¢ phase samples
exhibit thermoreversible OOTs to H, phases, and all samples exhibit greater thermal stabilities (higher ODTs)

than aqueous LLCs of CisE21—C

The intermolecular interaction strength of the end-groups in water decreases as follows:
—SO;Na > —COOH >> —OH, ranging from a highly dissociated ion pair to a H-bonding and
weakly acidic moiety to a nonionic H-bond donor-acceptor. In order to probe the generality with
which the ionic end group modification of CisE2o stabilizes an equilibrium o LLC at the expense
of the A15 phase, we synthesized the quaternary trimethylammonium chloride-terminated CisE2.

LLCs with 17 < [C16E21—N] < 58 wit% self-assemble into a BCC structure at 25 °C with unit cell
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parameters a = 9.57 —12.01 nm, intermediate to those obtained for C1sE19—S and CisE21—C. BCC-
forming LLC samples in the concentration range 49-52 wt% transition to coexisting H; and ¢
phases at T = 100 °C. While the FK phase is retained upon cooling to 25 °C, subsequent annealing
led to the growth of an additional peak at q = 0.130 A that does not belong to the o phase (Figure
A4.10). Comparing the position of the peak to the SAXS trace obtained from the as-made sample
suggests that it corresponds to the (200) reflection of a BCC lattice. LLCs with 53 < [C1sE21—N] <
58 wt% exhibit an additional broad scattering feature superimposed on the (110) reflection of the
BCC structure. At [C16E21—N] = 60.0 wt% and 25 °C, we obtained the SAXS trace shown in Figure
5.4A (red curve) with four sharp SAXS maxima and numerous broad high-q reflections. This
unusual SAXS signature is reminiscent of scattering patterns obtained from self-assembled wedge-
shaped dendrons,®® di- and tetra-block polymers,3"152242-243 gjant-shaped amphiphiles,*’ and
hydrated oil-swollen ionic surfactant micelles (see Figure 3.2). In-depth analysis of the peak
positions in this 1D-SAXS intensity profile reveals that they conform to the five-dimensional
indexing scheme of a dodecagonal quasicrystal (DDQC) with P12s/mmc symmetry with a micelle
center-to-center distance a = 15.1 nm with c/a = 1.02; see Table A4.3 for full peak position listing
and residuals. This DDQC comprises periodically stacked layers of quasiperiodically arranged
micelles situated at the vertices of a square-triangle tiling framework,?242%5242 5o that the ensemble
exhibits 12-fold rotational symmetry with no long-range translational periodicity. This finding
suggests that the two broad scattering features observed in the BCC-forming LLCs comprising
53-58 wt% CisE21—N arise from two-phase coexistence with a DDQC. This hypothesis is
confirmed by fact that heating one of these two-phase LLCs to 60 °C leads to a pure DDQC phase,
confirming our inference based on the Gibbs phase rule (Figure A4.11). Further support for the
DDQC phase assignment arises from the fact that the ¢ phase is a periodic DDQC approximant
wherein the (002) peak of the o phase is expected to coincide with the (00002) reflection of the
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quasicrystal.?*2 The observation of the ¢ phase at 49 < [C16E21—N] < 52 wt% and 100 °C with the
expected peak coincidence further corroborates our discovery of a lyotropic DDQC formed by
CisE21—N.

DDQCs observed in other self-assembled soft materials typically transition to FK ¢ phases at
elevated temperatures.?®242-243 Moreover, the quasiperiodic structure has been found to be
metastable relative to this periodic approximant in both neat diblock polymer melts'52242 and oil-
swollen alkylphosphonate surfactants (see Chapter 3). However, the DDQC formed by 60.0 wt%
Ci6E21—N in H,O apparently transforms directly into a pure H, morphology on heating to 60 °C
with no intervening o phase temperature window. To confirm the absence of any intermediate
periodic sphere-packing, we heated the DDQC in 2 °C increments from 25 to 37 °C with 5 min
equilibration at each temperature. Within the limits of this high-resolution synchrotron SAXS
experiment, we observed the transformation sequence DDQC — H,; + DDQC and confirmed the
absence of the ¢ phase upon heating (Figure A4.12). Cooling the H, phase from 100 to 25 °C yields
apoorly ordered DDQC (Figure 5.4A, green curve). The sample nanostructure remains arrested for
up to 3 months with no change in scattering signature, suggesting that kinetic limitations that arrest
further phase transformation. LLCs containing 60 < [C1sE21—N] < 63 wt% coexist as H; and DDQC
phases, as a broad scattering maxima is superimposed on the (10) peak of the cylindrical phase
(Figure 5.4A, black curve) along with a low-q shoulder corresponding to the DDQC (00002) peak.
The reformation of aperiodic order upon cooling the H, phase for LLCs with [CisE21—N] = 60.0
wt% in conjunction with the observation of composition windows exhibiting coexisting
BCC/DDQC and H/DDQC phases insinuate the equilibrium nature of the micellar DDQC formed

by aqueous LLCs of C16E21—N.
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Figure 5.4. (A) SAXS traces obtained from LLCs formed by CisE21—N. Dispersions containing 60.0 wt%

CisE21—N self-assemble into DDQCs, which transform to H, phases at elevated temperatures. However,
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cooling the mesophase to 25 °C leads to the hysteretic formation of a poorly ordered DDQC that coexists
with the H,. LLCs containing 61.8 wt% amphiphile coexist as H/DDQC phases and transition into a pure H,
at 60 °C. (B) LLC phase portrait obtained for CisE21—N obtained on the first heating cycle, which reveals a
narrow composition window of 12-fold aperiodic ordering of micelles in the vicinity of the periodic FK o

phase approximant.

Decreasing the oligomer concentration to 63—73 wt% leads to the formation of a pure H,
morphology, which remains thermally stable up to 100 °C. Finally, the cylindrical phase formed
with [Ci6E21—N] = 73 —80 wt% transitions to a double gyroid structure (Gi) (Figure A4.13) at 100
°C. The G, phase is a triply periodic network structure comprising two continuous, enantiomeric
lipidic channels derived from enchaining 3-fold connectors with a 70.5° dihedral angle in a water
matrix.3?® The complete concentration- and temperature-dependent phase behavior of CisE2—N
observed on the first heating cycle is summarized in Figure 5.4B. The isothermal lyotropic phase
behavior of Ci6E21—N at 100 °C: BCC — H,+ ¢ — H; is reminiscent of the lyotropic phase behavior
of C16E19—S and Ci6E21—C at 25 °C, suggesting similar mechanisms of LLC phase formation of
the end-group modified amphiphiles. Additionally, the above phase diagrams clearly indicate that
ionic end-group modification generally drives up the Toprs for dispersions at similar hydrations as
compared to the charge-neutral analogs.

The isolation of end-group modified amphiphiles involved purification by two-fold
precipitation of the functional oligomer in hexanes, which drives sample enrichment in amphiphiles
with a slightly larger number of ethylene oxide (EO) units per chain that is reflected in the increase
in M, (Table 5.1). This enrichment in EO units is most relevant in the cases of CisE2—C and
Ci6E21—N, as opposed to CisE1s—S which has the same number of EO units as the parent
ampbhiphile. To address the slight composition discrepancy, we conducted a control experiment in

which we precipitated the commercially available Ci6E20in hexanes two times to obtain a hydroxyl-
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terminated amphiphile enriched in EO units. This procedure yielded a non-ionic CisE23 amphiphile
according to *H NMR end group analysis (Figure A4.14). Temperature-dependent SAXS analyses
LLCs of Ci6E23 reveal the formation of only the canonical FCC, BCC, and H, morphologies with
the complete absence of any micellar FK phases between 25-100 °C (Figure A4.15). The
significantly different phase behavior of unpurified CisE2 suggests that amphiphiles with higher

EO contents generally exhibit smaller or nonexistent lyotropic FK phase windows.”’
5.4 Discussion

lonic end group installation at the terminus of Ci1sE2o diblock oligomers significantly alters their
lyotropic mesophase self-assembly behavior, by increasing the thermal stabilities of the ordered
LLCs at low hydrations and effectively extinguishing the equilibrium FK A15 phase at intermediate
hydrations. While such end group-driven morphology changes in diblock oligomer and block
polymer self-assembly may initially appear surprising, a recent review highlights numerous
examples of such effects in polymer melt and solution phase behavior.3® Specifically, Park and co-
workers documented lamellar-to-network OOTSs induced by systematic end group variations in low
molecular weight diblock polymers of nearly constant compositions, with important implications
for ion transport by the resulting assemblies.®*5-3% Related effects in canonical lamellar,33°-340
cylindrical **! and BCC phases of self-assembled block polymers have also been observed in
diblock polymer self-assembly.3*? However, the impact of such end group modifications on
complex particle packings remain poorly explored.

The preferential formation of FCC and BCC micelle packings in CisE20 and its end group-
modified homologs C1sE21—C, CisE19—S, and C1sE21—N at high hydrations adjacent to the lyotropic
ODT likely stem from similar physical phenomena. Jayaraman et al. previously reasoned that

CisE20 micelles formed at high water contents adopt “crew-cut” structures, wherein the large
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interfacial area per amphiphile drives PEO corona collapse to protect the hydrophobic core domain
from energetically expensive contacts with H-O. This collapse effectively enlarges the core domain
volume while shortening the coronas, which leads to high packing fraction FCC phases by analogy
to hard-sphere colloids. At slightly lower water contents, the lower interfacial area per amphiphile
allows the PEO corona chains to unfurl and fully hydrate to form “hairy micelles” that assemble
into lower packing fraction BCC phases.’%1"1"" The thermally-induced FCC — BCC OOTs at
high hydrations may be understood in terms of the decreasing water solubility of the PEO chains
on heating,!’” wherein the dehydration and collapse of the PEO coronae of the crew-cut micelles
leads to chain overlap. The constrained corona chains are thus forced to stretch to mitigate these
unfavorable steric interactions, thus driving a BCC phase to form. Note that ionic end groups
apparently do not alter these transitions.

The installation of ionic functionalities at the PEO chain ends of CisE2 results in increases in
the ODT temperatures of assemblies with comparable H>O contents in the order CisE2—OH <
Ci6E21—C < Ci6E21i—N < C16E19=S. In other words, strongly H-bonding carboxylic acid, and ionic
ammonium and sulfonate moieties with their charge compensating counterions mediate stronger
electrostatic cohesion between the micelles than the parent hydroxyl-terminated oligomer. This
greater cohesive energy density reinforces the microphase separated morphology and raises the
Toot. The moderate level of carboxylic acid dissociation in water due to it weakly acidic character
is the likely root of its placement toward the bottom of this series, as compared to well-dissociated
guaternary ammonium chloride and sodium sulfonate hydrated ion pairs. The presence of
hydrogen-bonding and ionic end groups in self-assembled, non-polar diblock polymers has
similarly been shown to increase the Toprs of their microphase separated morphologies.®*?

The complete extinction of the FK A15 phase window in favor of the ordered o or aperiodically
ordered DDQC phases in ionically modified CisE2o probably stems from the high degree of
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intramicellar counterion correlations that impact the preferred interfacial curvatures of the
aggregates and their consequent packings. Sodium alkylsulfonate ion pairs are highly dissociated
in water,®*%34% which drives the formation of high curvature, spherical aggregates in which the
distances between the point-like charges of the sodium cations are maximized. These intramicellar
coronal repulsions rigidify the micelles and disallow deformations away from their preferred
spherical shapes, a concept known as “ionic sphericity.”*% However, the packing of the micelles
to fill volume at constant density drives distortion of the micelles to conform to the Wigner-Seitz
(W-S) cell structure of the underlying periodic lattice, in order to maximize space filling.
Additionally, the counterions associated with the ionic chain ends are expected to localize along
planes that perpendicularly bisect each micelle nearest neighbor center-to-center vector to
maximize the electrostatic cohesion, as previously demonstrated by Kim et al. in LLCs of ionic
small molecule surfactants.®® In other words, the counterions also outline the W-S cells of the
lattice. In order to maximize local micellar sphericity and global lattice cohesion with minimal
interfacial area per amphiphile, the micelles reconfigure into a distribution of discrete sizes that
enable formation of complex FK phases in which the W-S cells vary in volume. Using the surface
areas (S) and volumes (V) of the W-S cells of a lattice, Polya’s isoperimetric quotient®® 1Q =
36nS% V2 enables the calculation of the number-average sphericity of the structure. On the basis of
this geometric analysis, Bates and co-workers found that 1Q(c) > IQ(A15) > IQ(BCC).1*® Thus,
CisE19-S exhibits a very strong preference for the formation of the high sphericity o phase at
hydrations lower than the parent amphiphile, which instead forms more deformable micelles that
can pack into the lower sphericity A15 phases. The strongly directional interactions of the partially
dissociated carboxylic acid and carboxylates of CisE21—C also enforce the formation of high
sphericity o phases, more so than CisE21—N for which the electrostatic correlations are weaker due

to the relatively more polarizable nature of both the quaternary ammonium and chloride ions. This
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analysis based on levels of counterion correlation is further supported by the fact that the ¢ phase
window width decreases in the order CisE15—S > CisE21—C with no o phase observed in LLCs of
CisE21—N, and the observation that the unit cells of CisE15—S are ~5% greater than those of
Ci6E21—C at comparable H,O contents.

The formation of a DDQC in CisE21—N as opposed to the o phase of CisE19—S may also be
rationalized within this framework of counterion correlations. We first note that the CisE10—S
oligomer has a slightly shorter PEO segment than CisE21:—N, which would lead to the expectation
that CisE22—N would form higher curvature micelles that assemble into either FCC or BCC
packings by analogy to other known aqueous LLCs.'®° This expectation is supported by the parallel
observation that the parent CisE2 forms FCC, BCC, A15, and H, aqueous LLCs, whereas CiEz;3
forms only FCC, BCC, and H, and no FK lyotropic mesophases with increasing water contents. In
other words, the greater PEO content of CisE2: leads to the formation of higher curvature
aggregates with a greater interfacial area per chain (Air)) compared to the as-received oligomer at
similar hydrations.>*® Thus, the A15 phase does not form in amphiphiles with higher EO contents.
However, the C16E1—N forms a DDQC at 25 °C that is adjacent in phase space to a FK ¢ phase
that forms at higher water contents at 100 °C. Based on prior reports of soft matter DDQCs (see
Chapter 3), we surmise that the mean interfacial curvatures of DDQCs are generally intermediate
between the A15 and o phases. The formation of C16E2:—N micelles having lower mean curvatures
than those of CisE19—S at similar water contents suggests that the ionic sphericity enforced by
Ci6E21—N is lower than that of the sodium sulfonate homologue.

The discovery of a lyotropic 12-fold quasicrystalline state in LLCs containing CisE2:—N was
serendipitous, yet not entirely unexpected given similar discoveries of aperiodic dodecagonal
quasicrystalline order in other soft materials systems in phase space adjacent to FK Al5 and o

approximants. While DDQCs have been observed in self-assembly of dendrons,?® block
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polymers, 152176242 gjant-shaped amphiphiles,”® and hydrated oil-swollen micelles of ionic
surfactants (see Chapter 3), the underlying free energy balance that guides nucleation and growth
of these aperiodically ordered structures remain poorly understood. One surprising feature of the
DDQCs formed by aqueous dispersions of CisE»1—N is that they undergo OOTSs to H, phases at
elevated temperatures apparently with no intermediate discontinuous micellar phases. In the parent

CisE20 amphiphile, a thermally induced A15 — BCC — H, phase transition sequence was

rationalized in terms of the decreased solubility of the micellar PEO coronae on heating that results
in their partial collapse and triggers a transition to a higher packing fraction BCC phase. Further
heating results in additional corona collapse with concomitant aggregate fusion along the <111>-
direction of the BCC lattice to epitaxially form a H, phase.1432034¢ Thus, the 4° ammonium chloride
end group enforces the sphericity of the aperiodic DDQC state at elevated temperatures, until the
corona chain collapse triggers an abrupt transition to a H, phase with no intermediate BCC structure.

The mechanisms of DDQC formation in these LLCs qualitatively differ from similar findings
in neat diblock polymer self-assembly. Cooling the H, phase formed by CisE21—N to 25 °C leads to
the rapid reappearance of the (00002) layer spacing peak (Figure 5.4A) along with some broad
high-q correlations. We attribute this observation to the Kinetically-limited reversibility of the

DDQC - H;transition. In sphere-forming diblock polymers, a DDQC is observed to nucleate and

grow from a micellar liquid-like packing (LLP) state obtained from rapid quenching of the
disordered state. This microphase separated diblock quasicrystal then slowly transforms into an
equilibrium o approximant on isothermal annealing for ~ 250 days at 25 °C, indicative of slow
chain exchange and micelle rearrangements.?* In the case of recently discovered, aqueous lyotropic
DDQC mesophases of oil-swollen alkylphosphonate micelles, rapid hydration of oil/amphiphile
mixtures that results in a broad sphere size distribution leading to emergence of quasicrystalline

order. Studies of the path-dependent formation of this DDQC reveal that it is also metastable with
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respect to the periodic FK ¢ and A15 phases. However, the aqueous lyotropic DDQC of Ci6E21—N
apparently reforms directly from the H, phase upon cooling with no intermediate LLP or BCC
states. As in the case of the metastable ¢ phase formed by CisE2o surfactants on rapidly quenching
a Hi phase at 70 °C to a 25 °C that induces formation of a metastable BCC structure from which a
o phase nucleates and grows, cooling the C16E2:—N H, phase results in the micelles pinching off to
form a broad sphere size distribution that apparently enables nucleation and growth of a DDQC.
This reasoning suggests that production of the requisite broad micelle size distribution for DDQC
formation can occur either from a disordered or an ordered state in a manner not previously

recognized.

5.5 Conclusions

We described the effect of ionic end groups modifications of non-ionic CigE2o amphiphiles on
their aqueous lyotropic self-assembly behaviors. The parent, hydroxyl-terminated amphiphile
forms an equilibrium A15 lyotropic phase with rapid OOTs to BCC and H, phases at elevated
temperatures, while quenching the cylindrical phase back to ambient temperature results in the
time-dependent transformation sequence: H; = BCC — o — A15 with the last transformation
taking ~ 5 months. Installation of either an ionic sodium sulfonate and a carboxylic acid end group
at the terminus of CisE20 completely extinguishes the A15 equilibrium phase window and a FK o
phase is instead stabilized at 25 °C as the apparent equilibrium structure. We rationalize this
difference in phase behavior in terms of the ionic sphericity of the micelles, by which they prefer
local spherical particle symmetry to minimize unfavorable electrostatic correlations amongst the
charge-compensating counterions. In the case of the highly hydrated and well-dissociated
guaternary ammonium chloride end group, the greater polarizability of the solvated ion pair

enforces a slightly lower degree of ionic sphericity that allows for micelle deformation and their
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unexpected packing into an aperiodically ordered DDQC. The exact origins of aperiodic DDQC
order in CisE2—N aqueous LLCs remain unresolved, especially, how the underlying broad
spherical micelle size distribution is generated to enable nucleation and growth of the aperiodic
mesophase. Nonetheless, these studies illustrate that the subtle chemical modifications of block
oligomers and diblock polymers can profoundly alter the free energy balance underlying both
periodic and aperiodic structure formation in soft materials and present exciting opportunities to

access hitherto unreported structures.
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Chapter 6.
Conclusions

Micelles formed by hydrated-amphiphiles pack on high-symmetry lattices such as body-
centered cubic, face-centered cubic, and hexagonally closest-packed structures. Our group
discovered the formation of a complex lyotropic o mesophase in the self-assembly of
bis(tetramethylammonium) alkyl phosphonates in water. This low-symmetry structure comprises
30 micelles of five different sizes packed on a giant tetragonal unit cell. The formation of the
mesophase was argued to stem from maximizing counterion-mediated intermicellar cohesion while
minimizing local variations in headgroup-counterion solvation. The ¢ phase has also been observed
in neat self-assembled soft materials including wedge-shaped dendrons, giant-shape surfactants,
and block polymers. The tetragonal structure belongs to a class of complex particle packings called
Frank-Kasper (FK) phases, which contain 12-, 14-, 15-, and 16-fold coordination environments.
These periodic lattices are approximants to quasicrystals (QCs), structures that exhibit rotational
symmetry yet lack translational periodicity. In soft materials, dodecagonal quasicrystals (DDQC),
which possess 12-fold rotational symmetry, have been observed in the self-assembly of the neat
amphiphiles in phase space vicinity to the ¢ and A15 phases. Chapter 1 reviews the formation of
these low-symmetry micellar structures in the different soft materials and presents analogies among
them. Despite the observation of a ¢ phase, the molecular design criteria directing complex phase
formation in hydrated amphiphiles were unknown. This thesis aimed to establish the amphiphile
structural motifs required to access FK and related structures and to investigate methodologies to
tune their thermodynamic phase behavior.

Chapter 2 investigated the design of small-molecule ionic surfactants to access the FK ¢ and
A15 phases in hydrated dispersions. Bis(tetramethylammonium) alkyl malonate surfactants were

designed as chemically different dianionic surfactant analogs of alkylphosphonates, which formed
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the lyotropic o phase. We found that the tetramethylammonium carboxylate analog does form the
tetragonal structure with tunable thermodynamic and composition stabilities. Changing the
counterion to K* led to complete disappearance of the ¢ phase, and only the A15 structure was
observed. Real-space electron density reconstructions revealed that the counterion cloud is
localized at the midpoint between two micelles. The K*ions were less well localized due to greater
counterion correlations for the smaller ion as compared to the large tetramethylammonium
counterion. Hence, K* ions remain more associated with the headgroups, forming more deformable
micelles that tolerate the lower ionic sphericity in the A15 structure.

Chapter 3 reported the discovery of a self-assembled lyotropic DDQC of
bis(tetramethylammonium) dodecylphosphonate micelles swollen with 10 wt% decane (relative to
surfactant). Observed at hydrations intermediate to the A15 and ¢ phases, the DDQC exhibited
sufficient long-range order that allowed the assignment of the 5D space group symmetry P12s/mmc
to the mesophase. Heating the quasiperiodic structure from 25 to 100 °C induces an irreversible
transition to the o phase. Additionally, modifying the sample preparation protocol, by adding oil to
premixed surfactant-water lyotropic phases, does not yield a DDQC. Thus, the QC is assessed to
be metastable with respect to its periodic approximant ¢ phase, analogous to observations in
dendronized shape amphiphiles and diblock polymers. Hydration of surfactant-oil mixtures is
argued to yield a broad, non-equilibrium micelle size distribution due to uneven partitioning of the
decane in the micellar cores. The resulting nucleation barrier for this ensemble of particle sizes is
hypothesized to be lower for the QC as compared to the periodic FK phases. Accelerating
intermicellar chain exchange by increasing the temperature allows the system to modify the
particle-size distribution to rearrange into the expected distribution for the equilibrium o phase.

Chapter 4 explored the LLC phase behavior of hydrated non-ionic poly(ethylene-block-
poly(ethylene oxide). The oligomer displays the FCC, BCC, A15, and H, structures with decreasing
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hydration at 22 °C. Heating the A15 structure to 70 °C triggered a transformation to the H,
morphology. However, quenching the sample to 25 °C led to the nucleation and growth of a ¢
phase, which reverted to the original A15 lattice upon extended annealing. The metastability of the
o phase was probed a function of quench depth and rate of cooling from the H, phase. The formation
of the complex structure was rationalized based on a non-equilibrium sphere-size distribution
obtained due to the rapid quench, which provides a decreased nucleation barrier to form the ¢ phase
as it contains greater dispersity in its micelle sizes. Facilitated by intermicellar chain exchange, the
o phase isothermally transitions to the A15 structure, which involves only a + 3% variation of
overall particle volumes about the mean. The transformation is argued to be driven by the
minimization of interfacial area per chain.

Finally, the endgroup on the poly(ethylene oxide) block of the oligomer was modified to
examine the effect of inter- and intra-coronal interactions on complex phase formation. Carboxylic
acid, sodium sulfonate, and trimethyl ammonium chloride groups were chosen to span a range of
intermolecular forces. The carboxylic acid and sodium sulfonate-terminated amphiphiles form a
thermodynamically stable o phase, demonstrating that the ionic endgroup leads to a wider window
of compositional stability for the structure as compared to the neutral hydroxyl group. The
formation of the o phase is rationalized based on the greater ionic sphericity preference for micelles
bearing solvated ionic endgroups and counterions. Amphiphiles containing the trimethyl
ammonium chloride endgroup serendipitously form a DDQC, which transformed into a H,
morphology on heating. The thermodynamic stability of the structure is unclear, as a poorly ordered
structure is obtained upon cooling the QC, which remains arrested at 25 °C. The origins for the
formation of quasiperiodic order in these LLCs are ill-understood.

These investigations of complex micellar morphologies in minimally hydrated amphiphiles
illustrate the subtle free energy balance governing the formation of these structures. Sample
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preparation protocols and minute changes in the molecular interaction parameters were shown to
represent new tools to access otherwise hidden morphologies. While this thesis explored the
thermodynamics of micellar LLCs, questions about the kinetics of phase formation and phase
transformations remain open. Quantitative investigations of dynamics of the phase transitions will
provide insights into pathways involved in effecting those transformations and may enable access
to new long-lived metastable states. The exclusive formation of 12-fold rotational symmetric
aperiodic order in soft materials contrasts the larger library of icosahedral ordering in intermetallic
alloys. The lack of harmony in QC formation in hard and soft matter possibly stems from the
differing natures of the melt disordered states, which will dictate the mechanism of phase
formation. Foams with quasiperiodic symmetry in 3D have been shown to rival the Weaire-Phelan
solution to the Kelvin problem,*” suggesting their eminent discovery in soft materials.

While realizations of the technological applications of these structures may be far in the future,
they may offer opportunities to design and to engineering materials with useful optical properties,
especially as photonic band-gap materials and wave guides.

While such properties have been observed in structures with larger unit cells (> 100 nm) derived
from colloidal particles,3%48-34 fabrication of these structures from such building blocks requires
tight control of particle size dispersity and coupled with intricate processing protocols that are
kinetically limited and lead to defect-ridden structures.3%3% Thus, the scalable fabrication of these
materials at larger length scales is curtailed. Self-assembly of single- or two-component systems
comprising neat or solvated amphiphiles of well-defined structures presents a more robust strategy
for achieving these structures, if the design principles identified in this thesis can be scaled up to
molecules that assemble at length scales 10 times larger. Furthermore, these assemblies will likely
be amenable to thermal, chemical, and mechanical processing strategies that give rise to well-
ordered, defect-free materials. Alternatively, cooperative self-assembly of colloidal materials with
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structure-directing amphiphiles by inclusion of particles as core or matrix domain additives,*°, or
by covalent tethering the amphiphiles to the particle surfaces may open drive robust access to

technological relevant low-symmetry particle-packings.1%-5
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Appendix 1.
Supporting Information for Chapter 2: Counterion-Dependent Access to Low-
Symmetry Lyotropic Sphere Packings of Ionic Surfactant Micelles

Reprinted from Jayaraman A. & Mahanthappa M. K., Langmuir 2018, 34, 2290-2301.

©American Chemical Society, 2018

CioMal-TMA:?
Wo, = 22.21

g 25 °C
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Figure Al1.1 Fully indexed lyotropic s phase formed by CioMal-TMA2 with wo, = 22.21 at 25 °C shown in

Figure 3.2A. The complete assignment of the Miller indices for the observed reflections are explicitly

tabulated in Table A1.1.
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Table Al.1. List of the observed and calculated peak positions for Frank-Kasper ¢ phase of CioMal-TMA:2

with wo_ = 22.21 at 25 °C using the tetragonal space group symmetry P4,/mnm (#136) and unit cell parameters

a=13.30 nm and ¢ = 6.99 nm.

For a tetragonal lattice, the scattering wavevector modulus is given by:

2 2 2
o = (2n)2[—h tk +'—2j
a c
Miller Indices %Residual
(h k ) Qealc (1/A) Qlobs (1/A) (Ag/gcarc x100)
3 1 0 0.1494 0.1499 -0.41
2 2 1 0.1610 0.1609 0.07
3 0 1 0.1678 0.1679 -0.09
3 2 0 0.1703 0.1709 -0.46
3 1 1 0.1743 0.1749 -0.45
0 0 2 0.1797 0.1799 -0.14
4 0 0 0.1889 0.1889 0.01
1 1 2 0.1917 0.1919 -0.13
3 2 1 0.1925 0.1919 0.48
4 1 0 0.1947 0.1949 -0.13
3 3 0 0.2004 0.2009 -0.39
2 0 2 0.2030 0.2029 0.10
2 1 2 0.2085 0.2089 -0.34
4 1 1 0.2145 0.2149 -0.33
3 3 1 0.2196 0.2199 -0.22
2 2 2 0.2239 0.2239 0.02
4 2 1 0.2295 0.2294 0.10
3 1 2 0.2337 0.2339 -0.17
5 1 0 0.2408 0.2409 -0.06
3 2 2 0.2476 0.2479 -0.24
4 3 1 0.2527 0.2529 -0.18
5 0 1 0.2527 0.2529 -0.18
5 1 1 0.2570 0.2569 0.10
5 2 1 0.2697 0.2699 -0.12
4 3 2 0.2968 0.2969 -0.11
5 1 2 0.3005 0.3009 -0.31
2 2 3 0.3009 0.3009 -0.03
6 1 1 0.3010 0.3009 0.08
3 1 3 0.3082 0.3089 -0.53
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Figure A1.2 An enlarged and fully indexed SWAXS pattern for the o phase formed by CsMal-TMA: with

Wo, = 15.91 at 25 °C shown in Figure 3A. The complete assignment of the Miller indices for the observed

reflections are explicitly tabulated in Table Al.2.

Table Al.2. List of the observed and calculated peak positions for Frank-Kasper o phase of CsMal-TMA:2

with wo, =15.91 at 25 °C using the tetragonal space group symmetry P4,/mnm (#136) and unit cell parameters

a=11.41nmand c =5.99 nm.

For a tetragonal lattice, the scattering wavevector modulus is given by:

2 2 2
¢ =(2n>2(h K +'—2]
a c

Miller Indices % Residual
(h k ) Oealc (1/A) Qlobs (1/A) (Ag/Qcarc X100)
3 1 0 0.1741 0.1743 -0.11
2 2 1 0.1878 0.1875 0.13
3 0 1 0.1957 0.1953 0.18
3 2 0 0.1986 0.1983 0.13
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Figure A1.3. An enlarged and indexed SWAXS pattern for the A15 phase (Pm3(-)n symmetry) formed by

CsMal-TMA:2 with wo_ = 8.25 at 25 °C shown in Figure 2.3A.
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Figure A1.4 (A) Synchrotron SWAXS powder patterns illustrating the formation of the H;, A15

and 6/A15 coexisting phases for CsMal-Cs,. The red dashed lines indicate the peaks corresponding

to the A15 phase that coexists with the ¢ phase observed at wo_ = 22.81. (B) Synchrotron SWAXS
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powder patterns illustrating the formation of the H,, A15, HCP and BCC phases for CioMal-Cs,. (*

marks a detector artifact arising from an errant pixel)

SUPERFLIP Input File for CsMal-TMA; A15 Phase (wo_ = 8.25) Charge-Flipping Electron

Density Reconstruction
The one-dimensional SAXS intensity 1(q) versus scattering wavevector g profile for the A15

phase with wo, = 8.25 (Fig. 2.3A) was scaled by multiplying the g values by 2, to halve the size of

the unit cell to expedite the calculation and rendering of the electron density map with limited
computing resources. Le Bail refinement of the scaled SAXS data with a fifth—order polynomial fit
for the X-ray background using the JANA2006 crystallographic computing software package?®®’
enabled extraction of the static structure factor intensities for each peak in the pattern in the range
q = 0.275-0.987 A (in the scaled pattern), the Miller indices of which were assigned using the
Pm3(-)n space group symmetry with a scaled cubic unit cell parameter a = 2.915 nm. The structure
factor intensities associated with each indexed SAXS peak are given in the text file below.
Application of the SUPERFLIP charge—flipping algorithm?® using the input file below in 7000
trials yielded 141 converged electron density maps with excellent figures of merit fm = 2, starting
from randomized initial conditions. The 141 converged maps were averaged and rendered using
the VESTA software package®’ to yield the 90% isosurface electron density maps shown in Figure

2.6A.

Kok kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk QL Fille* kK %k kkkokkokkkkkk kK kK x
* kK kK kK B

title SAJ58 8 25C 00437 Superflip

perform CF

outputfile "SAJ58 8 25C 00437 Superflip.m81"
"SAJ58 8 25C 00437 Superflip.m80"

outputformat jana

dimension 3
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cell 29.1532 29.1532 29.1532 90.00 90.00 90.00
spacegroup Pm-3n
centro yes

centers
0.000000 0.000000 0.000000

endcenters

symmetry
x1 X2 x3
-x1 -X2 x3
-x1 X2 -x3
x1 -X2 -x3
x3 x1 X2
x3 -x1 -X2
-x3 -x1 X2
-x3 x1 -X2
X2 x3 x1
-X2 x3 -x1
X2 -xX3 -x1
-X2 -xX3 x1

x2+1/2 x1+1/2 -x3+1/2
-x2+1/2 -x1+1/2 -x3+1/2
x2+1/2 -x1+1/2 x3+1/2
-x2+1/2 x1+1/2 x3+1/2
x1+1/2 x3+1/2 -x2+1/2
-x1+1/2 x3+1/2 x2+1/2
-x1+1/2 -x3+1/2 -x2+1/2
x1+1/2 -x3+41/2 x2+1/2
x3+1/2 x2+1/2 -x1+1/2
x3+1/2 -x2+1/2 x1+1/2
-x3+1/2 x2+1/2 x1+1/2
-x3+1/2 -x2+1/2 -x1+1/2

-x1 -X2 -xX3
x1 X2 -xX3
x1 -X2 X3

-x1 x2 x3

-x3 -x1 -X2

-x3 x1 x2
x3 x1 -X2
x3 -x1 x2

-X2 -x3 -x1
X2 -xX3 x1

-X2 x3 x1
X2 x3 -x1

-x2+1/2 -x1+1/2 x3+1/2
x2+1/2 x14+1/2 x3+1/2
-x2+1/2 x1+1/2 -x3+1/2
x2+1/2 -x14+1/2 -x3+1/2
-x141/2 -x3+1/2 x2+1/2
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x1+1/2
x1+1/2
-x1+1/2
-x3+1/2
-x3+1/2
x3+1/2
x3+1/2
endsymmet

composition C779 H1722 N82 0164

# Keywords for charge flipping
repeatmode 7000 sumgood

-x3+1/2
x3+1/2
x3+1/2

-x24+1/2
x2+1/2

-x241/2
x2+1/2

ry

-x2+1/2
x2+1/2
-x2+1/2
x1+1/2
-x1+1/2
-x1+1/2
x1+1/2

bestdensities 1 symmetry

polish ye
maxcycles

s
2000

delta AUTO

weakratio
Biso 0.

0.000
000

randomseed AUTO

searchsymmetry average

derivesymmetry no

# End of keywords for charge flipping

# EDMA-specific keywords
inputfile SAJ58 8 25C 00437 Superflip.m8l

outputbase SAJ58 8 25C 00437 Superflip

m40forjana yes

writem4(0 SAJ58 8 25C 00437 Superflip tmp.m40

maxima al

1

fullcell no
scale fractional

plimit

0.3000 sigma

numberofatoms composition
centerofcharge yes

chlimit
chlimlist

electrons

0.250

0.0375 relative
# End of EDMA-specific keywords

0

0.0000

dataitemwidths 4 15 15
dataformat intensity fwhm

fbegin
1

NNDNEFE NP PO
ONOO B OOO

WNWNDNDNDDNRE

48.
4416.
10000.
7548.
237.
33.
343.
125.

1023
5166
0020
6899
9617
1641
9158
9443

oNoNeoNoNeNoNoNo)

.0119
.0139
.0149
.0158
L0177
.0194
.0211
.0219
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2 1 3 99.1154 0.0227

0 0 4 67.2860 0.0242

1 0 4 129.3323 0.0249

1 1 4 18.0229 0.02506

3 0 3 18.0229 0.02506

2 0 4 6.1415 0.0270
endf

SUPERFLIP Input File for CsMal-K> Al5 Phase (wo, = 9.85) Charge-Flipping Electron

Density Reconstruction
The one-dimensional SAXS intensity 1(q) versus scattering wavevector g profile for the A15

phase with wo, = 9.85 (Fig. 2.4A) was scaled by multiplying the g values by 2, to halve the size of

the unit cell to expedite the calculation and rendering of the electron density map with limited
computing resources. Le Bail refinement of the scaled SAXS data with a fifth—order polynomial fit
for the X-ray background using the JANA2006 crystallographic computing software package®®’
enabled extraction of the static structure factor intensities for each peak in the pattern in the range
q = 0.252-0.980 A (in the scaled pattern), the Miller indices of which were assigned using the
Pm3(-)n space group symmetry with a scaled cubic unit cell parameter a = 3.140 nm. The structure
factor intensities associated with each indexed SAXS peak are given in the text file below.
Application of the SUPERFLIP charge—flipping algorithm?® using the input file below in 10000
trials yielded one (1) converged electron density map with excellent figure of merit fm = 2, starting
from randomized initial conditions. Upon conducting independent trials to validate this
convergence, 10 independent convergences yielded the same electron density map and linear
electron density profile shown in Figure 6A. The electron density map was rendered using the

VESTA® software package to yield the 90% isosurface electron density map shown in Figure 2.6A.

*****************************Startfile*************************
kK Kk kKK

title SAJ KE 1 01195 Superflip
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perform CF

outputfile "SAJ KE 1 01195 Superflip.m81"
"SAJ KE 1 01195 Superflip.m80"

outputformat jana

dimension 3

cell 31.4045 31.4045 31.4045 90.00 90.00 90.00

spacegroup Pm-3n

centro yes

centers
0.000000 0.000000 0.000000

endcenters

symmetry
x1 X2 x3
-x1 -X2 X3
-x1 X2 -x3
x1 -X2 -xX3
x3 x1 X2
x3 -x1 -X2
-xX3 -x1 X2
-xX3 x1 -X2
X2 x3 x1
-X2 x3 -x1
X2 -x3 -x1
-X2 -x3 x1

x2+1/2 x1+1/2 -x3+1/2
-x2+1/2 -x1+1/2 -x3+1/2
xX2+1/2 -x1+1/2 x3+1/2
-x2+1/2 x1+1/2 x3+1/2
x1+1/2 x3+1/2 -x2+1/2
-x1+1/2 x3+1/2 x2+1/2
-x1+1/2 -x3+1/2 -x2+1/2
x1+1/2 -x3+1/2 x2+1/2
x3+1/2 x2+1/2 -x1+1/2
x3+1/2 -x2+1/2 x1+1/2
-x3+1/2 x2+1/2 x1+1/2
-x34+1/2 -x2+1/2 -x1+1/2

-x1 -X2 -x3
x1 x2 -x3
x1 -X2 x3

-x1 x2 x3

-xX3 -x1 -X2

-xX3 x1 X2
x3 x1 -X2
X3 -x1 X2

-X2 -xX3 -x1
X2 -xX3 x1

-X2 X3 x1
X2 x3 -x1
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-x2+1/2 -x1+1/2 x3+1/2
x2+1/2 x1+1/2 x3+1/2
-x2+1/2 x1+1/2 -x3+1/2
x2+1/2 -x1+1/2 -x3+1/2
-x1+1/2 -x3+1/2 x2+1/2
x1+1/2 -x3+1/2 -x2+1/2
x1+1/2 x3+1/2 x2+1/2
-x1+1/2 x3+1/2 -x2+1/2
-x3+1/2 -x2+1/2 x1+1/2
-x3+1/2 x2+1/2 -x1+1/2
x3+1/2 -x241/2 -x1+1/2
x3+1/2 x24+1/2 x1+1/2
endsymmetry

composition C704 H1152 0256 K128

# Keywords for charge flipping
repeatmode 10000 sumgood
bestdensities 1 symmetry
polish yes

maxcycles 500

delta AUTO

weakratio 0.000

Biso 0.000

randomseed AUTO
searchsymmetry average
derivesymmetry no

# End of keywords for charge flipping

# EDMA-specific keywords

inputfile SAJ KE 1 01195 Superflip.m81

outputbase SAJ KE 1 01195 Superflip

m40forjana yes

writem4(0 SAJ KE 1 01195 Superflip tmp.m40

maxima all

fullcell no

scale fractional

plimit 0.3000 sigma
numberofatoms composition
centerofcharge yes

chlimit 0.2500

chlimlist 0.0158 relative

# End of EDMA-specific keywords

electrons 0.0000
dataitemwidths 4 15 15
dataformat intensity fwhm
fbegin

1 0 1 59.3664

0.0213
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0 0 2 5784.4746 0.0221
1 0 2 10000.0010 0.0222
1 1 2 8186.2866 0.0222
2 0 2 282.2911 0.0219
1 0 3 122.5843 0.0212
2 2 2 22.9429 0.0199
2 0 3 69.2863 0.0191
2 1 3 102.5215 0.0180
0 0 4 729.6169 0.0212
1 0 4 39.7383 0.0235
3 0 3 20.7672 0.0255
1 1 4 20.7672 0.0255
2 0 4 152.1584 0.0291
2 1 4 142.6972 0.0307
3 2 3 60.6409 0.0322
endf

SUPERFLIP Input File for CioMal-TMA; ¢ Phase (wo, = 22.21) Charge-Flipping Electron

Density Reconstruction
The one-dimensional SAXS intensity 1(q) versus scattering wavevector q profile for the

o phase with wo, = 22.21 (Fig. 2.2A) was scaled by multiplying the q values by 2, to halve the size

of the unit cell to expedite the calculation and rendering of the electron density map with limited
computing resources. Le Bail refinement of the scaled SAXS data with a fifth—order polynomial fit
for the X-ray background using the JANA2006 crystallographic computing software package?®®’
enabled extraction of the static structure factor intensities for each peak in the pattern in the range
q = 0.238-0.770 A (in the scaled pattern), the Miller indices of which were assigned using the
P4,/mnm space group symmetry with a scaled cubic unit cell parameter a = 6.652 nm and ¢ = 3.496
nm. The structure factor intensities associated with each indexed SAXS peak are given in the text
file below. Application of the SUPERFLIP charge—flipping algorithm?# using the input file below
in 4000 trials yielded 292 converged electron density maps with excellent figures of merit fm =2,

starting from randomized initial conditions. The 292 converged maps were averaged and rendered
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using the VESTA?® software package to yield the 90% isosurface electron density maps shown in

Figure A1.4B.

Kok kkkkkkkkhkkhk Kk Xk kkkkkkkkkk* A * Xk Lt Tl le* K * %k kokkokkokkokkkkkKk kK%
* kK kK kK B

title SAJ-TMA10-8 Superflip

perform CF

outputfile "SAJ-TMA10-8 Superflip.m81" "SAJ-TMA10-
8 Superflip.m80"

outputformat jana

dimension 3

cell 66.5184 66.5184 34.9611 90.00 90.00 90.00

spacegroup P42/mnm

centro yes

centers
0.000000 0.000000 0.00000O0
endcenters
symmetry
x1 X2 X3
-x1 -X2 X3

-x24+1/2 x1+41/2 x3+1/2
xX2+1/2 -x1+1/2 x3+1/2
-x1+1/2 x2+1/2 -x3+1/2
x1+1/2 -x2+1/2 -x3+1/2

X2 x1 -x3
-X2 -x1 -x3
-x1 -X2 -x3

x1 x2 -x3

x2+1/2 -x141/2 -x3+1/2
-x2+1/2 x1+41/2 -x3+1/2
x1+1/2 -x2+1/2 x3+1/2
-x1+1/2 x2+41/2 x341/2

-x2 -x1 X3
x2 x1 x3
endsymmetry

composition C4998 H10948 N476 0952

# Keywords for charge flipping
repeatmode 4000 sumgood
bestdensities 1 symmetry
polish yes

maxcycles 4000

delta AUTO

weakratio 0.000

Biso 0.000

randomseed AUTO
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searchsymmetry average
derivesymmetry no
# End of keywords for charge flipping

# EDMA-specific keywords

inputfile SAJ-TMA10-8 Superflip.m81
outputbase SAJ-TMA10-8 Superflip
m40forjana yes

writem4(0 SAJ-TMA10-8 Superflip tmp.m40
maxima all

fullcell no

scale fractional

plimit 0.3000 sigma
numberofatoms composition
centerofcharge yes

chlimit 0.2500

chlimlist 0.0375 relative

# End of EDMA-specific keywords

electrons 0.0000
dataitemwidths 4 15 15
dataformat intensity fwhm

fbegin
1 1 1 0.2038 0
2 2 0 7.2878 0
2 1 1 0.4176 0
3 1 0 71.1353 0
2 2 1 53.2817 0
3 0 1 55.4726 0
3 2 0 75.5366 0
3 1 1 358.2316 0
0 0 2 7450.0386 0
4 0 0 80.5563 0
1 1 2 380.1219 0
3 2 1 69.3071 0
4 1 0 9417.1016 0
3 3 0 10000.0000 0
2 0 2 6228.9229 0
2 1 2 6366.2324 0
4 2 0 16.6715 0
4 1 1 9578.5303 0
3 3 1 8885.5273 0
2 2 2 2150.8499 0
4 2 1 37.7356 0
3 1 2 1141.1854 0
4 3 0 24.9408 0
5 1 0 86.9278 0
3 2 2 150.7694 0

.0115
.0121
.0123
.0127
.0131
.0134
.0135
.0137
.0139
.0143
.0144
.0144
.0145
.0147
.0148
.0151
.0152
.0153
.0155
.0157
.0159
.0161l
.0162
.0164
.0167
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164.
10.
154.
33.
16.

22
110.
232.

34.

49.

48.

62.
715.

31.
516.
128.
128.
482.
531.
162.

90.

18.

20.
748.
186.
186.
159.
101.

0103
0103

.1008
.6794
.0027
.0000
.0222
.5171
.2033
.4855
. 6311
.4700
.0270
.2550
.8251
.3693
.4041
.9099

7052
0104
2364
4495
3573

.5387
.3432

3277
6027
5979
0660
1068

.6499

4661
7497
5648
6017
9243
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6320
9822
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.0171
.0172
.0174
.0175
.0176
.0176
L0177
.0178
.0179
.0179
.0181
.0181
.0183
.0184
.0184
.0187
.0188
.0188
.0188
.0189
.0189
.0190
.0191
.0193
.0193
.0194
.0195
.0196
.0197
.0200
.0200
.0202
.0202
.0202
.0203
.0203
.0204
.0205
.0206
.0206
.0206
.0207
.0207
.0208
.0210
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6 4 1 70.8621 0.0210
7 2 1 452 .5534 0.0211
5 0 3 51.0302 0.0213
4 3 3 51.0302 0.0213
0 0 4 846.3994 0.0213
7 3 0 313.5696 0.0213
5 1 3 137.1255 0.0214
6 3 2 46.4817 0.0215
1 1 4 132.2244 0.0216
6 5 0 61.2339 0.0217
5 2 3 26.7104 0.0218
7 3 1 20.2528 0.0218
2 0 4 252.4507 0.0218
2 1 4 88.1103 0.0222
8 0 0 256.4077 0.0226
7 1 2 0.0376 0.0227
5 5 2 0.0376 0.0227
4 4 3 0.0438 0.0228
6 5 1 0.0601 0.0228
8 1 0 49.1880 0.0229
7 4 0 49.1880 0.0229
2 2 4 105.7682 0.0233
6 4 2 3.7378 0.0235
5 3 3 63.0263 0.0235
7 2 2 95.0882 0.0238
endf

SUPERFLIP Input File for CsMal-TMA; ¢ Phase (wo, = 15.91) Charge-Flipping Electron

Density Reconstruction
The one-dimensional SAXS intensity 1(q) versus scattering wavevector q profile for the ¢ phase

with wo, = 15.91 (Fig. 2.3A) was scaled by multiplying the q values by 2, to halve the size of the

unit cell to expedite the calculation and rendering of the electron density map with limited
computing resources. Le Bail refinement of the scaled SAXS data with a fifth—order polynomial fit
for the X-ray background using the JANA2006 crystallographic computing software package?®®’
enabled extraction of the static structure factor intensities for each peak in the pattern in the range
q = 0.273-0.923 A (in the scaled pattern), the Miller indices of which were assigned using the

P4,/mnm space group symmetry with a scaled cubic unit cell parameter a=5.651 nmand ¢ = 2.971
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nm. The structure factor intensities associated with each indexed SAXS peak are given in the text
file below. Application of the SUPERFLIP charge—flipping algorithm?® using the input file below
in 4000 trials yielded 362 converged electron density maps with excellent figures of merit fm = 2,
starting from randomized initial conditions. The 362 converged maps were averaged and rendered
using the VESTA®’ software package to yield the 90% isosurface electron density maps shown in

Figure Al.4A.

Xk kkkkkkkkh kK kK kX kkkkkkkkkkk* Ak Lt Fl ek ¥k &k &k kokkokkokkokkkkkkk K%k
* kK kK kK B

title SAJ58 16 25C 00443 Superflip

perform CF

outputfile "SAJ58 16 25C 00443 Superflip.m81"
"SAJ58 16 25C 00443 Superflip.m80"

outputformat jana

dimension 3

cell 56.5148 56.5148 29.7102 90.00 90.00 90.00

spacegroup P42/mnm

centro yes

centers
0.000000 0.000000 0.00000O0
endcenters
symmetry
x1 X2 x3
-x1 -X2 X3

-x2+1/2 x1+1/2 x3+1/2
x2+1/2 -x1+41/2 x3+1/2
-x1+1/2 x2+1/2 -x3+1/2
x1+1/2 -x2+1/2 -x3+1/2

X2 x1 -xX3
-X2 -x1 -xX3
-x1 -X2 -xX3

x1 X2 -xX3

x2+1/2 -x1+1/2 -x3+1/2
-x2+1/2 x1+41/2 -x3+1/2
x1+1/2 -x2+1/2 x3+1/2
-x14+41/2 x2+1/2 x3+1/2

-x2 -x1 x3
x2 x1 x3
endsymmetry

composition C3002 H6636 0632 N316

# Keywords for charge flipping
repeatmode 4000 sumgood
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bestdensities 1 symmetry

polish yes

maxcycles 2000

delta AUTO

weakratio 0.000
0.000
randomseed AUTO

Biso

searchsymmetry average

derivesymmetry no

# End of keywords for charge flipping

# EDMA-specific keywords
inputfile SAJ58 16 25C 00443 Superflip.m81l
outputbase SAJ58 16 25C 00443 Superflip

m40forjana yes

writem4(0 SAJ58 16 25C 00443 Superflip tmp.m40
maxima all

fullcell no
scale fractional

plimit

0.3000 sigma

numberofatoms composition
centerofcharge yes
0.2500

chlimit

chlimlist

electrons

0.0375 relative
# End of EDMA-specific keywords

0.0000

dataitemwidths 4 15 15
dataformat intensity fwhm

fbegin
2

W BN NDWdWERE DOWWWDNWIN

WHFE NP OWRERNRPEPOORFRMNMNONREREDN

P RPONNMNOORPRNONRFRPROREORO

3.

3.
65.
57.
19.
105.
810.
1189.
28.
230.
.0836
6846.
5537.
2355.
2226.
50.
5375.
10000.

47

7139
8207
9991
7745
5204
1461
3314
7058
4895
1801

5640
5000
3298
9824
6479
5039
0000

oloNoNoNoNoNoNoNolololololololNoNolNo)

.0110
.0109
.0109
.0108
.0109
.0109
.0109
.0110
.0118
.0120
.0120
.0122
.0127
.0129
.0134
.0136
.0139
.0143
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Moo woyJUudbhoU B WOHUOUOU WWwuUuoNhUOYDO NSO O O WS & D OTOO S WO wbsDN

N DR WORPRUORFRPRWWBABDNWDBNNRFROMPEPNENWWRERRODMEPENWONWMAMRPORENOWNRE WEDNIDN

WONWNOODWENNWOFERFRENWWORFRFWNONRPEFE WOORF WNOWENONMNMREFORPRENOONDEDN

1598.

19.
484 .
.0009
90.
94.
109.
109.
.4284
165.
33.
23.
.3276
10.
62.
39.
43.
23.
32.
27.
4.
35.
.9868
.6960
.3555
L7847
134.
64.
20.
.3713
15.
41.
113.
.6968
51.
.0724

15.

52.
346.
195.
413.
157.
157.
1027.
480.
353.
100.

40.

51

271

102

3729
7646
0770

5030
3868
5543
5543

3992
5753
1097

3834
1465
0296
4434
8418
7884
4851
9350
5814

5132
0462
4851

4856
9232
6496

0560

1255
5335
0588
8426
4619
1811
1811
7227
3666
6504
1017
2557

oleoNeoNoNoNoNoNololololololoNoNolNololololoNoNoNoNoloBolololoNoNoNoNolololololoNoNolNolololelolNolNol

.0147
.0152
.0156
.0159
.0163
.0169
.0174
.0174
.0176
.0179
.0182
.0187
.0189
.0191
.0191
.0195
.0197
.0199
.0199
.0204
.0205
.0209
.0211
.0212
.0219
.0221
.0223
.0223
.0223
.0225
.0227
.0231
.0234
.0235
.0239
.0240
.0242
.0246
.0253
.0254
.0257
.0259
.0259
.0260
.0261
.0264
.0266
.0268
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end

Hh 0O dJ oy d U1 JONNJUOOORFR OO JO U Jo0y0U o) U1 1 0

RS> O R ORFRPROWNUUORPR WERE WOOWNDBNDOEDNDO

OO rwhMNMNMNODDdPRLWOPMNMNMNWODRWWEREREDNDNNMNREREREROR

97
1479

191.
191.
166.
112.

60.
329.

.9943
.3707
3098
3098
5945
5355
9397
1293
.9749
.9749
.6021
.5431
.4138
.5594
.2296
.7451
.6928
.3597
.3165
.6680
.6279
. 7538
.7538
.7596
L6227
.0440
.0440

eNeoNoRolNoloNoNoNoNolNololololoNoNoNolololololelNolNolNolNo)

.0268
.0269
.0271
.0271
.0274
.0278
.0278
.0282
.0285
.0285
.0286
.0286
.0288
.0291
.0293
.0297
.0298
.0299
.0299
.0303
.0306
.0308
.0308
.0308
.0308
.0310
.0310
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C,,Mal-TMA, C,Mal-TMA,
w, =22.21 w, =15.91

Figure AL1.5. (A) 90% isosurface of the electron density reconstruction of the FK ¢ phase of CioMal-

TMAz atwo =22.21 at 25 °C. (B) 90% isosurface of the electron density reconstruction of the FK o phase

of CsMal-TMA: at wo_ = 15.91 at 25 °C.

Table A1.3. Key to molecules: Notebook page numbers and APS trips when data were collected

Molecules Notebook page number APS trips
CsMal-TMA:; AJ1-58 August 2016
CsMal-K; AJ1-110_MeOH Oct. (Sector 5ID-D), Dec. 2016
CsMal-Cs: AJ1-159 April 2017
CioMal-TMA; AJ1-137 April, July 2017
CioMal-Cs; AJ1-138 April 2017
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Appendix 2.
Supporting information for Chapter 3: Quasiperiodic ordering of oil-swollen
ionic surfactant micelles

N =
- 8 =
Nl
HCP + FCC
. w, = 48.1
3
S
>
=
» 3
= =
Q ]
2
£
D 3
o -
3
3 DDQC + o
E w,=31.1
i 1DQ
3 f )
N TR N ) N N N /N R N R R T T T e ———
0.056 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Figure A2.1. Synchrotron SAXS traces obtained from LLCs prepared by hydration of mixtures of C12PA-
Dec10 at 25 °C showing the phase coexistences observed at intermediate hydrations relative to the pure phase
SAXS patterns in Figure 1A. Specific indices corresponding to the reflection planes of the phases observed

are color-coded with the color of the respective text.
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Figure A2.2. Enlarged and fully-indexed scattering pattern of the FK o phase obtained from LLC with wg

35.2 and T = 25 °C prepared by hydration of C12PA-Decl0 that exhibits > 50 synchrotron instrument

resolution-limited peaks. A complete list of peak positions and residuals are given in Table A2.1.

213



Table A2.1. List of the observed and calculated peak positions for the Frank-Kasper ¢ phase formed by a
LLC with wo =35.2 at T = 25 °C prepared by hydration of C12PA-Dec10. The corresponding tetragonal space

group is P4,/mnm (#136) with the unit cell parameters are a = 15.24 nm and ¢ = 8.01 nm (c/a = 0.526).

The scattering wavevector modulus for a tetragonal lattice is given by:

2 (ony? <h2+k2+£>

q ) PR
Miller indices %Residual
(h k ) Geatc (A) Gobs (A) |AQ/qcarc 100
1 1 0 0.0582 - -
2 0 0 0.0823 - -
1 0 1 0.0884 - -
2 1 0 0.0920 - -
1 1 1 0.0975 - -
2 2 0 0.1163 - -
2 1 1 0.1207 - -
3 1 0 0.1301 0.1303 0.19
2 2 1 0.1402 0.1408 0.44
3 0 1 0.1461 0.1468 0.48
3 2 0 0.1483 0.1488 0.35
3 1 1 0.1518 0.1523 0.35
0 0 2 0.1565 0.1568 0.20
4 0 0 0.1645 0.1648 0.18
1 1 2 0.1669 - -
3 2 1 0.1677 - -
4 1 0 0.1696 0.1703 0.43
3 3 0 0.1745 0.1748 0.18
2 0 2 0.1768 0.1773 0.29
2 1 2 0.1815 0.1818 0.16
4 1 1 0.1867 0.1873 0.29
3 3 1 0.1912 0.1918 0.30
2 2 2 0.1950 0.1958 0.42
4 2 1 0.1999 0.1998 0.04
3 1 2 0.2035 0.2043 0.40
5 1 0 0.2097 0.2103 0.28
3 2 2 0.2156 0.2163 0.33
4 3 1 0.2200 0.2208 0.36
5 0 1 0.2200 0.2208 0.36
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0.2238
0.2349
0.2584
0.2617
0.2620
0.2621
0.2684
0.2712
0.2716
0.2747
0.2759
0.2863
0.2868
0.2896
0.2908
0.2908
0.2922
0.2925
0.2951
0.2994
0.3011
0.3011
0.3036
0.3063
0.3067
0.3095
0.3130
0.3132
0.3148
0.3236
0.3262
0.3316
0.3316
0.3389
0.3391
0.4102
0.4102
0.4102
0.4123
0.4124
0.4125

0.2243
0.2353
0.2593
0.2623
0.2623
0.2623
0.2693
0.2723
0.2723
0.2756

0.2873
0.2873
0.2908

0.2933
0.2933
0.2958
0.3003
0.3018
0.3018
0.3043
0.3073
0.3073
0.3103
0.3146
0.3146

0.3248
0.3273
0.3323
0.3323
0.3403
0.3403
0.4118
0.4118
0.4118

0.21
0.18
0.35
0.25
0.12
0.07
0.35
0.41
0.25
0.30

0.33
0.19
0.42

0.38
0.28
0.25
0.30
0.22
0.22
0.25
0.32
0.19
0.27
0.50
0.43

0.37
0.33
0.22
0.22
0.41
0.34
0.39
0.39
0.39
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0.4204
0.4206
0.4207
0.4264
0.4266
0.4272
0.4272
0.4331
0.4459
0.4459
0.4615

0.4211
0.4211
0.4211

0.4283
0.4283
0.4346
0.4468
0.4468
0.4628

0.16
0.11
0.09

0.25
0.25
0.33
0.19
0.19
0.28
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Table A2.2. List of observed and calculated peak positions for the lyotropic dodecagonal quasicrystal formed
by hydration of C12PA-Dec10 to wo =29.1 at T = 25 °C. The observed Miller indices correspond to the 5D
space group P12¢/mmc (or P12¢/mcm) for the quasicrystal. The DDQC has an intermicellar distance as a =

7.91 nm and the interplanar distance as ¢ = 8.02 nm, such that c/a = 1.01.

The scattering wavevector modulus for this dodecagonal quasicrystal is given by:

5

q= Z h,a,

n=1

1, @=Dmx . (n—D=
a,= a i cos 3 +j sin ; vne {1,234}

V3,
k
as=—
c
Dobs— 14|
Miller indices %Residual
hl h2 h3 h4 h5 QCaIc (Al) QObs (Al) Aq/QCalc x100
0 0 0 0 2 0.1566 0.1566 0.00
1 2 1 0 0 0.1711 0.1711 0.01
0 1 1 0 2 0.1799 0.1807 0.44
2 2 0 -1 1 0.1882 0.1880 -0.10
1 1 1 0 2 0.2006 0.2016 0.52
3 3 0 -2 1 0.2693 0.2706 0.49
2 3 1 -1 2 0.2882 0.2904 0.75
0 0 0 0 4 0.3133 0.3126 -0.22
0 1 1 0 4 0.3256 0.3253 -0.07
1 3 3 1 0 0.3305 0.3311 0.18
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Figure A2.3. Azimuthally-integrated synchrotron SAXS patterns C12PA-Dec10 LLCs with wp = 16.2 and

24.0 at 25 °C depicting the appearance of DDQC-like features in the LLP scattering trace ,and LLP-like

features in a DDQC scattering trace. The red arrows correspond to low-intensity correlations, which likely

correspond to those in the DDQC.
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Figure A2.4. Scattering traces obtained from H; morphology formed by LLCs of C12PA-Dec10 with wg =

6.1 at 25 °C. The Miller indices corresponding to the 2D lattice are marked.
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Figure A2.5. Synchrotron SAXS patterns obtained from the 6 and A15 phases formed by oil addition into

pre-made aqueous LLCs of C12PA-TMA; at 25 °C.
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Figure A2.6. (A) Synchrotron SAXS patterns of aqueous LLCs formed by DDPA-TMA, in the absence of
any hydrocarbon oil additive, showing the formation of H,, A15, A15 + o, 6, and HCP phases at 25 °C, unless

otherwise noted. All traces are vertically shifted for clarity. (B) Temperature versus wo= (moles of H,O/moles
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of surfactant) phase portrait of for DDPA-TMA; obtained from the synchrotron SAXS analyses of the as-
prepared samples at 22 °C. Solid lines indicate the approximate locations of the phase boundaries with the

resolution of the phase map, indicated by the data points.
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Appendix 3.
Supporting information for Chapter 4: Path-dependent Preparation of
Complex Micelle Packings of a Hydrated Diblock Oligomer

Reprinted from Jayaraman A.; Zhang D. Y.; Dewing B. L.; Mahanthappa M. K. ACS Central
Science 2019, 5, 619-628.

© American Chemical Society, 2019
A3.1 Experimental Section

Materials. All reagents were purchased from the Sigma-Aldrich Chemical Co. (Milwaukee,
WI1) and used as received without further purification. C1sE2o was stored in a glovebox under an
anhydrous argon atmosphere to avoid adventitious atmospheric moisture uptake. Ultra-pure water
(18 MQecm) obtained from Thermo Scientific™ Barnstead™ Smart2Pure 3 UV/UF water
purification system was degassed by sparging N () for atleast 30 min.

'H NMR Spectroscopy. *H NMR spectra were acquired in CDCls in the presence of excess
trifluoroacetic anhydride, using a Bruker Avance 400 MHz spectrometer with Smartprobe with a
pulse repetition delay time of 20 s. All spectra were referenced relative to the residual proton shift
of CDCls (8 7.26 ppm). Carbon/Hydrogen (C/H) combustion elemental analysis were performed
by Atlantic Microlab, Inc. (Norcross, GA, USA). M, = 1074.2 g/mol was determined by end group
analysis of the trifluoroacetylated CisE2o (by treatment with excess trifluoroacetic anhydride in
CDCls), based on quantitative integration of the *H NMR spectrum based on the methyl group in

the Ci6 hydrocarbon fragment (Figure A3.1).
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Figure A3.1. H! NMR of C16Ezin CDCls. The spectrum is calibrated such that there are three methyl protons (a). The integration of the protons
on the PEO chain (e) are used to calculate the number of EO units. The integration of the hydrocarbon fragments (a,b,c,d) is consistent with a

16 carbon alkyl chain (33 protons). My is calculated as the sum of masses of the hydrocarbon and PEO blocks.
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Size-Exclusion Chromatography (SEC). SEC analyses in tetrahydrofuran (THF) were
performed on a Viscotek GPCMax VE 2001 system equipped with three Agilent Technologies
PLGel Mixed-B columns (350 mm x 7.5 mm) and a Viscotek VE 3580 refractive index detector,
using an eluent flowrate of 1 mL/min. A polystyrene molecular weight calibration curve was
constructed using 10 commercially available narrow molecular weight standards with 580 < M, <
377400 g/mol (Polymer Laboratories, Amherst, MA). For CisE2o with trifluoroacetate endgroup
(by reaction with excess trifluoroacetic anhydride), M, = 1000 g/mol and ® = Mw/M, = 1.17

(against polystyrene standards without correction) (Figure A3.2).
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Figure A3.2. SEC trace obtained using differential refractive index detection for C16E2o in tetrahydrofuran.

The dotted lines represent the bounds of the peak from the amphiphile.

Lyotropic Liquid Crystal (LLC) sample Preparation. LLC samples were prepared by
massing desired amounts of CisE2 in 1 dram vials inside a glovebox under an argon atmosphere,
followed by hydration using ultra-pure water (18 MQecm). These mixtures were homogenized by
three or more cycles of centrifugation (4950 x g for 10 min each) and hand-mixing to yield stiff

and translucent, gel-like solids. Sample vials were capped and sealed using Parafilm to prevent any
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loss of water. No expected or unusually high safety hazards were encountered during sample
handling or preparation.

Small-angle X-Ray Scattering (SAXS). All LLC samples were allowed to equilibrate at 22 °C
for at least 24 h prior to morphological analyses by synchrotron SAXS. Using an incident beam
energy of either 13.3 or 14.0 keV (L= 0.932 or 0.886 A) and a 3.617 m sample-to-detector distance
at the 12-1D-B beamline of the Advanced Photon Source (Argonne, IL), synchrotron 2D-SAXS
patterns were recorded on a Pilatus 2M detector (25.4 cm x 28.9 cm rectangular area) with 1475 x
1679 pixel resolution (172 pum x 172 um pixel size). The scattering wavevector (q = (4nsin 0)/1)
scale in these patterns was calibrated using a silver behenate standard (d = 58.38 A). LLC samples
were hermetically sealed in alodined aluminum DSC pans (TA Instruments, Newcastle, DE), which
were equilibrated at the desired temperature using a Linkam DSC hot-stage for at least 5 min prior
to data collection (typical exposure times ~ 1 s). X-ray scattering analyses poses a significant safety
hazard and all institutional radiation safety protocols were followed to mitigate exposure.

Lab source SAXS measurements were made using a SAXSLab Ganesha300XL instrument in
the Characterization Facility, University of Minnesota. Cu Ka X-rays (A = 1.54 A) generated by a
Xenocs Geni3DX source were collimated through 2 or 3 sets of 4-bladed slits (JJ X-ray, A/S). 2D-
SAXS patterns were acquired using a Dectris EIGER R 1M detector (7.72 cm x 7.99 cm rectangular
area) with 1030 x 1065 pixels (75 um x 75 um pixel size) at a sample-to-detector distance of 46.8
cm. Samples were sealed in home-built sample holders with Kapton windows. They were mounted
within an evacuated sample environment and equilibrated at the desired temperature on a Linkam
hot-stage for ~20 min prior to data acquisition (typical exposure times ~10 min). X-ray scattering
analyses poses a significant safety hazard and all institutional radiation safety protocols were

followed to mitigate exposure.
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All 2D-SAXS patterns were azimuthally-integrated to obtain one-dimensional scattered
intensity  I(q) versus q plots, using the DataSqueeze software package

(http://www.physics.upenn.edu/~heiney/datasqueeze/index.html). The 1D scattering

intensity profiles were analyzed using customized Igor Pro procedure files developed by our group.

Using the JANA2006 crystallographic computing system software,?®” Le Bail refinement of
selected SAXS data sets was used to extract the structure factor intensities for each scattering
maximum. These data were used as inputs for the charge flipping algorithms within the
SUPERFLIP software package?® to reconstruct the electron density maps for various observed
LLC phases. The resulting electron density contour maps (typically, 90% isosurfaces) were
visualized using the VESTA software package,®’ Details of these analyses along with the
SUPERFLIP input files (in which the static structure factor intensities are listed) are provided on

pages 234 and 243.
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Figure A3.3. Temperature—dependent synchrotron SAXS patterns obtained from a LLC sample with 32.9
wt% Ci6E2o in water. This LLC sample transitions from an FCC micellar packing at 25 °C to BCC/FCC
coexistence at 60 °C, which melts into a disordered solution of micelles at 74 °C. In the SAXS trace at 60
°C, the green marker indicates the peak corresponding to the coexisting BCC phase. At 68 °C, we observe
an intervening window of two-phase coexistence between a micellar BCC phase and disordered micellar

solution as expected based on Gibbs’ Phase Rule.
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Figure A3.4. 1D-SAXS intensity profiles for the LLC formed at 46.5 wt% C16E20 showing the formation of

a body-centered cubic (BCC) phase at 25 < T < 80 °C, and H; + disordered micelles at 100 °C.
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SUPERFLIP Input File for the A15 Phase formed at 58.9 wt% CisE2 in H,O Used in
Charge-Flipping Electron Density Reconstruction
The 1D-SAXS intensity 1(q) versus scattering wavevector q profile for the as-made A15 phase
at 25 °C with 58.9 wt% Ci6E20 was scaled by multiplying the g values by 2, to halve the size of the
unit cell to expedite the calculation and rendering of the electron density map with available
computing resources. Le Bail refinement of the scaled SAXS data with a 10™ order polynomial fit
for the X-ray background using the JANA2006 crystallographic computing software package
enabled extraction of the static structure factor intensities for each peak in the pattern in the range
q = 0.053-0.255 A (in the original, unscaled pattern), the Miller indices of which were assigned
using the Pm3(-)n space group symmetry with a scaled cubic unit cell parameter a = 7.3081 nm.
The structure factor intensities associated with each indexed SAXS peak are given in the text file
below. Application of the SUPERFLIP charge—flipping algorithm using the input file below in
2000 trials yielded 11 converged electron density maps with excellent figures of merit (fm) < 6,
starting from randomized initial conditions. The 11 converged maps were averaged and rendered
using the VESTA software package to yield the 90% isosurface electron density maps shown in
Figure 3.2A.
Details of the methodology were summarily described by Baez-Cotto et al.,?> and more

details may be found in the original papers of Palatinus and co-workers.

Kok ok ok ok k ok kk ok k ok k ok kkkkkkkkkkkkkkkkk QL grh  F i L@k k% Kk kkokkkokkkkkkk &k k &k
* kK kK kK -

title SAJB-47 00246 Try3 Superflip

perform CF

outputfile "SAJB-47 00246 Try3.xplor"

outputformat xplor

dimension 3

cell 73.0807 73.0807 73.0807 90.00 90.00 90.00
spacegroup Pm-3n

centro yes
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centers

0.000000 0.000000
endcenters
symmetry
x1 X2 x3
-x1 -X2 x3
-x1 X2 -x3
x1 -X2 -x3
x3 x1 X2
x3 -x1 -X2
-x3 -x1 X2
-x3 x1 -X2
X2 x3 x1
-X2 x3 -x1
X2 -x3 -x1
-X2 -xX3 x1
x2+1/2 x1+1/2 -x3+1/2
-x2+1/2 -x1+1/2 -x3+1/2
x2+1/2 -x1+1/2 x3+1/2
-x24+1/2 x1+41/2 x3+1/2
x1+1/2 x3+1/2 -x2+1/2
-x14+1/2 x341/2 x2+1/2
-x1+1/2 -x3+1/2 -x2+1/2
x1+1/2 -x3+41/2 x2+1/2
x3+1/2 x2+1/2 -x1+1/2
x3+1/2 -x2+1/2 x1+1/2
-x34+1/2 x2+1/2 x1+1/2
-x34+1/2 -x2+1/2 -x1+1/2
-x1 -X2 -xX3
x1 X2 -xX3
x1 -X2 X3
-x1 X2 x3
-xX3 -x1 -X2
-xX3 x1 X2
x3 x1 -X2
x3 -x1 x2
-X2 -x3 -x1
x2 -x3 x1
-X2 x3 x1
x2 x3 -x1
-x2+1/2 -x1+1/2 x3+1/2
xX2+1/2 x1+1/2 x3+1/2
-x2+1/2 x1+1/2 -x3+1/2
x2+1/2 -x14+1/2 -x3+1/2
-x14+1/2 -x3+1/2 x2+1/2
x1+1/2 -x341/2 -x2+1/2
x1+1/2 x341/2 x2+1/2

0.000000
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-x14+1/2 x3+1/2 -x2+1/2
-x3+1/2 -x2+1/2 x1+1/2
-x3+1/2 x2+1/2 -x1+1/2
x3+1/2 -x2+1/2 -x1+1/2
x3+1/2 x2+1/2 x1+1/2
endsymmetry
composition C56 H114 021

# Keywords for charge flipping
repeatmode 2000 sumgood
bestdensities 1 symmetry
polish yes

maxcycles 1000

delta AUTO

weakratio 0.000

Biso 0.000

randomseed AUTO
searchsymmetry average
derivesymmetry no

# End of keywords for charge flipping

# EDMA-specific keywords

inputfile SAJB-47 00246 Try3 Superflip.m8l
outputbase SAJB-47 00246 Try3 Superflip

m40forjana yes

writem4(0 SAJB-47 00246 Try3 Superflip tmp.m40

maxima all

fullcell no

scale fractional

plimit 0.3000 sigma
numberofatoms composition
centerofcharge yes

chlimit 0.2500

chlimlist 0.0375 relative

# End of EDMA-specific keywords

electrons 0.0000

dataitemwidths 4 15 15
dataformat intensity fwhm
fbegin
1 22.0224
6987.5386
10000.0000
8136.5864
188.0041
56.9598
990.2704

NEFE NP O
NOOHrH O OO
N w NN

O O O oo oo

.0101
.0110
.0117
.0125
.0140
.0154
.0168
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4 1 12 0.0000 0.0715
6 5 10 0.0000 0.0715
o 2 11 0.0000 0.0715
9 0 9 0.0000 0.0718
7 7 8 0.0000 0.0718
3 3 12 0.0000 0.0718
5 4 11 0.0000 0.0718
8 6 8 0.0000 0.0723
4 2 12 0.0000 0.0723
8 0 10 0.0000 0.0723
8 1 10 0.0000 0.0725
7 4 10 0.0000 0.0725
9 2 9 0.0000 0.0728
7 6 9 0.0000 0.0728
o 3 11 0.0000 0.0728
8 2 10 0.0000 0.0733
4 3 12 0.0000 0.0735
5 0O 12 0.0000 0.0735
endf
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Figure A3.5 An enlarged and fully indexed SAXS pattern for the LLC FK ¢ phase obtained on quenching a

sample comprising 58.7 wt% C1sE20 from 70 °C to 25 °C and isothermally annealing it at 25 °C for 50 min.
The complete assignment with indices for observed reflections are tabulated in Table A3.1. Inset: 2D

scattering pattern which was azimuthally integrated to give the 1D plot
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Table A3.1. List of the observed and calculated peak positions for the Frank-Kasper ¢ phase formed by

quenching an aqueous LLC with 58.7 wt% C16E2 from 70 °C to 25 °C and annealing at 25 °C for 50 min.

The corresponding tetragonal space group symmetry is P4,/mnm (#136) and unit cell parameters are a =

28.37 nm and ¢ = 14.89 nm (c/a = 0.525).

For a tetragonal lattice, the scattering wavevector modulus is given by:

Miller indices
(h k
3

N O b O1TOTOTE WO WREARNWPENMNNOWPAAPRWOWERPPRRODWWWDN

NP WNPFPOWMNEPEPEPNNWPEPPOWERERPRDNPOOEREPLMNONDNLPERE

~—

W NN PFPFPFPPFPPFPNOMPNPEFPFEFEPNMNNMOOPFPMNMOMNMPOLPREPLPE,O

W +k?
¢*=(2m)? ( -

QCaIc (A_l)
0.0700
0.0755
0.0787
0.0799
0.0818
0.0844
0.0886
0.0900
0.0903
0.0913
0.0940
0.0953
0.0979
0.1006
0.1030
0.1051
0.1077
0.1097
0.1129
0.1162
0.1185
0.1185
0.1206
0.1265
0.1392
0.1410
0.1413

12
+c_2>

Gobs (A)
0.0704
0.0760
0.0788
0.0803
0.0820
0.0844
0.0870
0.0885
0.0885
0.0918
0.0945
0.0952
0.0978
0.1010
0.1034
0.1046
0.1077
0.1096
0.1132
0.1161
0.1187
0.1187
0.1209
0.1269
0.1394
0.1411
0.1411

% Residual
(AQ/Qcaic X100)
-0.52
-0.62
-0.11
-0.56
-0.28
0.00
1.79
1.69
2.01
-0.53
-0.57
0.12
0.06
-0.40
-0.38
0.48
-0.04
0.07
-0.24
0.08
-0.16
-0.16
-0.28
-0.31
-0.12
-0.08
0.11
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A NDNPFPODNOUOOOOOTNODNEPAMAPPOPRPWONDPEAEANOOPFP NP WOORPPEFPWWWPAEADNMNDNDEREEPRE

P WO NDNNOPFPNPFPOOPMODOPRPWOPERPEPEPEDNNPEPPODMNMNOWOWDMNOOWEDNORPEFEDNWLPE

0.1412
0.1447
0.1461
0.1463
0.1480
0.1486
0.1543
0.1544
0.1561
0.1566
0.1566
0.1574
0.1577
0.1590
0.1612
0.1622
0.1622
0.1635
0.1650
0.1652
0.1667
0.1688
0.1687
0.1696
0.1745
0.1759
0.1786
0.1786
0.1828
0.1826
0.1879
0.1874
0.1925
0.1926
0.1905
0.2209
0.2209
0.2223
0.2222
0.2222

0.1411
0.1447
0.1466
0.1466
0.1478

0.1545
0.1545
0.1565
0.1565
0.1565
0.1577
0.1577
0.1593
0.1620
0.1625
0.1625
0.1630
0.1654
0.1654
0.1673
0.1685
0.1685

0.1740
0.1759
0.1791
0.1791
0.1827
0.1827
0.1884
0.1884
0.1918
0.1918
0.1918
0.2218
0.2218

0.05
-0.01
-0.34
-0.21
0.11

-0.15
-0.04
-0.26
0.07

0.07

-0.18
-0.03
-0.21
-0.47
-0.19
-0.19
0.33

-0.23
-0.13
-0.38
0.18

0.10

0.30
0.01
-0.30
-0.30
0.03
-0.04
-0.25
-0.51
0.35
0.42
-0.67
-0.39
-0.39

238



9 3 2 0.2264 0.2266 -0.08
6 6 3 0.2266 0.2266 0.00
10 1 1 0.2265 0.2266 -0.03
4 1 5 0.2299 0.2298 0.05
10 2 1 0.2298 0.2298 -0.01
7 1 4 0.2303 0.2298 0.20
5 5 4 0.2303 0.2298 0.20
7 2 4 0.2334 0.2334 0.01
9 2 3 0.2403 - -

7 6 3 0.2403 - -

8 2 4 0.2487 0.2487 0.00

SUPERFLIP Input File for Charge-Flipping Electron Density Reconstruction of the
aqueous LLC FK ¢ Phase formed at 58.7 wt% C16E20

The 1D-SAXS intensity 1(q) versus scattering wavevector q profile for the ¢ phase obtained
upon guenching a sample comprising 58.7 wt% CisE20 from 70 °C to 25 °C followed by annealing
at 25 °C for 2 days was scaled by multiplying the g values by 3, to expedite the calculation and
rendering of the electron density map with available computing resources. Le Bail refinement of
the scaled SAXS data with a 10" order polynomial fit for the X-ray background using the
JANA2006 crystallographic computing software package enabled extraction of the static structure
factor intensities for each peak in the pattern in the range q = 0.0825-0.1300 A (in the unscaled
pattern), the Miller indices of which were assigned using the P4,/mnm space group symmetry with
a scaled cubic unit cell parameter a =9.4577 nmand ¢ = 4.9837 nm . The structure factor intensities
associated with each indexed SAXS peak are given in the text file below. Application of the
SUPERFLIP charge—flipping algorithm using the input file below in 2000 trials yielded 357
converged electron density maps with excellent figures of merit (fm) < 3, starting from randomized
initial conditions. The 357 converged maps were averaged and rendered using the VESTA software
package to yield the 90% isosurface electron density maps shown in Figure 4.4A.
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********************************Start file*********************
* Kk kk Kk k%K -

title B11 1 sigma Superflip

perform CF

outputfile "B1ll 1 sigma Superflip Tryl3.xplor"

outputformat xplor

dimension 3

cell 94.5767 94.5767 49.8370 90.00 90.00 90.00

spacegroup P42/mnm

centro yes

centers
0.000000 0.000000 0.000000
endcenters
symmetry
x1 X2 x3
-x1 -X2 X3

-x24+1/2 x1+41/2 x3+1/2
x2+1/2 -x1+1/2 x3+1/2
-x1+1/2 x2+1/2 -x3+1/2
x1+1/2 -x2+1/2 -x3+1/2

X2 x1 -xX3
-X2 -x1 -xX3
-x1 -X2 -x3

x1 X2 -x3

xX2+1/2 -x1+41/2 -x3+1/2
-x2+1/2 x1+1/2 -x3+1/2
x1+1/2 -x2+1/2 x3+1/2
-x1+1/2 x2+1/2 x3+1/2

-X2 -x1 X3
X2 x1 x3
endsymmetry

composition C13440 H27360 05040

# Keywords for charge flipping
repeatmode 2000 sumgood
bestdensities 1 symmetry
polish yes

maxcycles 1000

delta AUTO

weakratio 0.000

Biso 0.000

randomseed AUTO

searchsymmetry average
derivesymmetry no

# End of keywords for charge flipping

# EDMA-specific keywords
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inputfile B11l 1 sigma Superflip.m81
outputbase Bll 1 sigma Superflip
m40forjana yes

writem4(0 B1ll 1 sigma Superflip tmp.m40
maxima all

fullcell no

scale fractional

plimit 0.3000 sigma
numberofatoms composition
centerofcharge yes

chlimit 0.2500

chlimlist 0.0375 relative

# End of EDMA-specific keywords

electrons 0.0000
dataitemwidths 4 15 15
dataformat intensity fwhm

fbegin
2 2 0 1.7759 0
2 1 1 0.6081 0
3 1 0 50.7322 0
2 2 1 27.6748 0
3 0 1 24.8614 0
3 2 0 42.5197 0
3 1 1 243.3518 0
0 0 2 7667.8828 0
4 0 0 25.9448 0
1 1 2 214.5956 0
3 2 1 183.7736 0
4 1 0 8860.2031 0
3 3 0 10000.0010 0
2 0 2 7899.1997 0
2 1 2 5575.9712 0
4 2 0 38.2897 0
4 1 1 8456.5996 0
3 3 1 9312.3828 0
2 2 2 2624.2578 0
4 2 1 78.2934 0
3 1 2 948.7307 0
4 3 0 33.5163 0
5 1 0 72.1135 0
3 2 2 157.2879 0
4 3 1 138.2182 0
5 0 1 138.2182 0
5 2 0 94.8668 0
5 1 1 305.8773 0
4 0 2 240.2753 0

.0153
.0160
.0175
.0191
.0201
.0204
.0210
.0217
.0230
.0233
.0235
.0238
.0245
.0248
.0256
.0260
.0264
.0271
.0277
.0285
.0290
.0294
.0300
.0309
.0316
.0316
.0318
.0322
.0326
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endf
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Figure A3.6 1D-SAXS intensity profiles obtained every 2 °C, on heating the aqueous LLC with 58.7 wt%

CisE20 heated from 25 °C to 70 °C. Samples were equilibrated at each temperature for at least 5 min. A LLC
BCC phase nucleates at 37 °C and it completely transforms to H; at 60 °C. The o phase is notably absent on

heating, and it can only be accessed upon cooling the H, phase.

242



BCC, 104 h

)(ell.u.l)

CR ~ - 4.1h

c

o)

e}

=

>

= BCC
0 min

H|

70°C

Trrr[rrrr|yrrrr|rrrrr[rrrr[rrrr

0.00 005 010 0.15 020 0.25 0.30

q(A")
Figure A3.7 Time-resolved 1D-SAXS patterns obtained upon quenching LLC sample with 58.7 wt% C1sE2o

from 70 °C to 50 °C. H, rapidly transforms into a BCC morphology on quenching, the latter of which remains
stable for up to 10 h after annealing at 50 °C with no signs of either FK A15 or ¢ phase nucleation. Changes
in the peak intensities with time upon extended monitoring suggest changes in the average micelle

aggregation number (Nagg) Within the BCC phase.
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Figure A3.8 1D-SAXS patterns obtained upon quenching an LLC with 58.7 wt% C1sE2o from 70 °C to 40
°C after various 40 °C isothermal annealing times. Prolonged annealing at 40 °C leads to decreased intensities

of the “forest” or peaks which correspond to ¢ phase, and the peaks corresponding to BCC remain intense

even after a long annealing time.
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Figure A3.9 SAXS analyses of an aqueous LLC sample comprising 58.7 wt% Ci6E quenched from 70 °C to
0 °C demonstrate the lack of nucleation of either FK ¢ or A15 phases upon annealing at 0 °C for > 3 days.

The Miller indices corresponding to the observed peaks are marked on the plot.
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Appendix 4.
Supporting information for Chapter 5. End Group-Dependent Complex
Micellar Self-assembly of Hydrated Diblock Oligomers
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Figure A4.1. *H NMR spectrum obtained for C16E21—C in CDCls. The peaks of the spectrum are indexed to
the protons in the structure using alphabets. The integral obtained from the methyl protons (a) is calibrated
to 3. Completion of carboxylation of the amphiphile is apparent due to the presence of two methylene protons

at 4.17 ppm ().
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Figure A4.2. H NMR spectrum of sulfonate C16E20 (C16E19—S) in CD4OD-d.. The peaks of the spectrum are

assigned to the protons in the structure using alphabets. The proton integrals are calibrated such that the

number of methyl protons (a) are 3. Integral of the methylene protons (f and g) is approximately 2 indicating

complete modification of the —OH endgroup of CisE2. The number of EO units are calculated using the

integral of peak e.
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Figure A4.3. 'H NMR spectrum of Ci6E21—N in CD4OD-d4. The number of methyl protons at 0.92 ppm (a)
is calibrated to 3 to reference the other protons. Substitution of the ammonium groups is indicated by the
multiplet at 3.98 ppm (f) and the singlet corresponding to the methyl protons attached to N at 3.24 ppm (g).

The extent of ion-exchange was assessed by disappearance of the tosylate peak at 5 = 7.80 ppm
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Figure A4.4. (A) 1D SAXS traces obtained from LLCs containing 30.2 wt% CieE21—C showing the
transition of an FCC arrangement of micelles to an isotropic micellar solution upon heating from 25 to 60

°C. (B) 2D SAXS pattern obtained on cooling the micellar solution from above the ODT temperature to 25

°C yields a FCC structure riddled with stacking faults, which manifest as Bragg rods.
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Figure A4.5. Enlarged and fully indexed pattern of a ¢ phase formed by LLCs containing 66.2 wt% CisE21—C

shown in Figure 5.2A. Complete peak assignments and residuals are presented in Table A4.1.
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Table A4.1. List of observed and calculated peaks positions obtained for the o phase formed by LLCs
containing 66.2 wt% Ci1sE21—C at 25 °C using the tetragonal space group P4,/mnm and unit cell parameters

a=1421Aandc=2712 A.

The scattering wavevector for a tetragonal lattice is given by:

. ) Rkt P
q°=2m) ( P 2)

Miller indices %Residual
(h k ) Geatc (A) Gobs (A AQ/Geaicx100
1 1 0 0.0329 - -
2 0 0 0.0465 - -
1 0 1 0.0499 - -
2 1 0 0.0520 - -
1 1 1 0.0551 - -
2 2 0 0.0656 - -
2 1 1 0.0682 - -
3 1 0 0.0735 0.0738 0.38
2 2 1 0.0792 0.0792 -0.04
3 0 1 0.0826 0.0825 -0.09
3 2 0 0.0838 0.0841 0.33
3 1 1 0.0858 0.0857 -0.10
0 0 2 0.0884 0.0884 0.00
4 0 0 0.0930 - -
1 1 2 0.0943 - -
3 2 1 0.0948 - -
4 1 0 0.0959 0.0959 0.04
3 3 0 0.0986 0.0986 -0.04
2 0 2 0.0999 0.0997 -0.18
2 1 2 0.1026 0.1024 -0.15
4 1 1 0.1056 0.1056 0.04
3 3 1 0.1081 0.1083 0.20
2 2 2 0.1102 0.1099 -0.25
4 2 1 0.1130 0.1132 0.20
3 1 2 0.1150 0.1148 -0.15
5 1 0 0.1185 0.1186 0.04
3 2 2 0.1218 0.1218 -0.02
4 3 1 0.1244 0.1245 0.11
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0.1531

0.1557
0.1617
0.1617
0.1633

0.1649
0.1649
0.1665
0.1692
0.1703
0.1703

0.173
0.173
0.1751
0.1762

0.1778
0.1821
0.1838
0.1875
0.1875
0.1918
0.1918

0.11
0.14
-0.13
-0.03
-0.12
-0.21
-0.32
-0.14
-0.11
-0.29

-0.17
-0.09
-0.25
-0.20

-0.15
-0.22
-0.17
-0.03
0.04
0.04

-0.08
-0.22
0.10
-0.34

-0.04
-0.39
-0.26
0.03
0.03
0.17
0.04

252



| 70.4 wt% C, E,—C

o+H
v 25 °C, cooled
6 h

u.)

(110

]

)

&

YT o+BCC

25 °C, cooled
10 min

(200)
(211)~_

]

Log(Intensity) (a.

40 °C

—] = o H\
i 5%

0.05 0.10 0.15 0.20 0.25 0.30
q (A

Figure A4.6. Azimuthally integrated scattering patterns obtained for an LLC containing 70.4 wt% CisE21—C.
Coexisting o and H, phase formed at 25 °C transitions to pure H,at T = 40 °C. Cooling the cylindrical
morphology to 25 °C leads to reformation of the o phase, which coexists with a BCC structure. SAXS maxima
consistent with a BCC lattice are marked with the corresponding miller index. The sample relaxes over 6 h

at 25 °C to form the initial H, + o morphology as evidenced by the disappearance of the (200) peak. Inverted

triangles mark the peaks commensurate with the H, phase.
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Figure A4.7. LLCs containing 20.1 wt% CisE19—S exhibiting coexisting FCC and BCC phases. The miller

indices corresponding to the two phases are marked on the plot.
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Figure A4.8. Fully indexed o phase SAXS pattern obtained from LLC containing 63.0 wt% CisE1s—S. The

sample was cooled from 100 to 25 °C and annealed at 25 °C for 9 h before data acquisition. The list of miller

indices and residuals are given in Table A4.2.
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Table A4.2. List of observed and calculated peaks positions obtained for the o phase formed by LLCs
containing 63.0 wt% CisE19—S at 25 °C using the tetragonal space group P4,/mnm and unit cell parameters
a=149.4 A and c = 283.5 A. The sample was cooled from 100 to 25 °C and annealed for 9 h at 25 °C before

data acquisition.

The scattering wavevector for a tetragonal lattice is given by:

2.2 p
F=Qn)’ (h B +l—2)

Miller indices %Residual
(h k ) Geate (A7) Gobs ((A2) AQ/Qeacx100
1 1 0 0.0329 - -

2 0 0 0.0465 - -
1 0 1 0.0499 - -
2 1 0 0.0520 - -
1 1 1 0.0551 - -
2 2 0 0.0656 - -
2 1 1 0.0682 - -
3 1 0 0.0701 0.0706 0.74
2 2 1 0.0755 0.076 0.69
3 0 1 0.0787 - -
3 2 0 0.0799 - -
3 1 1 0.0817 0.0819 0.21
0 0 2 0.0841 0.0841 0.00
4 0 0 0.0886 - -
1 1 2 0.0897 - -
3 2 1 0.0903 - -
4 1 0 0.0914 0.0916 0.25
3 3 0 0.0940 0.0938 -0.23
2 0 2 0.0951 0.0949 -0.17
2 1 2 0.0976 0.0976 -0.01
4 1 1 0.1006 0.1008 0.22
3 3 1 0.1030 0.1029 -0.09
2 2 2 0.1049 0.1046 -0.28
4 2 1 0.1077 - -
3 1 2 0.1095 0.1094 -0.06
5 1 0 0.1130 0.1126 -0.35
3 2 2 0.1160 0.1159 -0.09
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Figure A4.9. SAXS patterns obtained for LLCs containing 65.2 wt% CisE19—S as a function of temperature.
The sample initially exhibits a non-equilibrium coexistence of Al5, H, and o phases at 25 °C. The peaks
corresponding to A15 and Hymorphologies are indicated using blue and yellow markers respectively. Cooling
the sample from the H, structure at 100 °C to 25 °C leads to a transition to coexisting o and H, phases

indicating the metastability of the A15 structure.
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Figure A4.10. Small-angle X-ray scattering traces obtained for aqueous dispersions containing 49.7 wt%
Ci6E21—N. The LLC exhibits the formation of a BCC phase at 25 °C, which upon heated to 100 °C transforms
into coexisting ¢ + Hy phases. The peaks corresponding to the H, phase are marked using green triangles.
Cooling the sample back to 25 °C leads to retention of the ¢ phase while the H, phase transitions to a BCC

structure, as evidenced by the appearance of the (200) peak.
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Figure A4.11. Azimuthally-integrated scattering traces obtained from LLCs containing 54.1 wt% CisE21—N.

At 25 °C, the sample coexists as BCC/DDQC phases, and transitions to a pure DDQC at 60 °C.
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Figure A4.12. SAXS patterns obtained from sample containing 60.0 wt% CisE21—N as a function of
temperature. The sample was equilibrated at each temperature for 5 mins before data acquisition. The sample

exhibits a direct DDQC—H, transition when heated to 37 °C without the observation of a ¢ phase.

261



76.3 wt% C_E_-N

1621

(21)\

—~
o
N
N
~

Log(Intensity) (a.u.)

Hl
25°C
N |
IIIIIIIIIIIIIIIIIIIIIIIIIIIII

000 0.05 010 015 0.20 0.25 0.30
q (A7)

Figure A4.13. 1D SAXS patterns obtained from LLCs containing 76.3 wt% CisE21—N exhibiting the

formation of H, and G, phases at 25 and 80 °C respectively. The miller indices corresponding to the G,

morphology are marked on the plot
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Table A4.3. List of observed and calculated peak positions and residuals for a dodecagonal quasicrystal
formed by an LLC with [CisE21—N] = 60.0 wt% at 25 °C. The miller indices correspond to the 5D space
group P12¢/mmc (or P12¢/mcm) for the quasicrystal. The intermicellar distance in the quasiperiodic plane of

the DDQC is a = 15.1 nm with an interlayer stacking distance of ¢ = 15.4 nm (c/a = 1.02).

The scattering wavevector positions are calculated using the following formulae:

5
q= zhnan
n=1

1 (. =Dn . (m—D=n
a,= i cos +j sin Vne{l.2,3,4}
a

\/§ 6 6
B k
a5— -
9ops— 14
Miller indices %Residual

hl h2 h3 h4 h5 QCaIc(A_l) QObs(A_l) Aq/qcalc %100
0 0 0 0 2 0.0813 0.0813 -0.004
1 2 1 0 0 0.0894 0.0896 0.312
0 1 1 0 2 0.0936 0.0938 0.264
2 2 0 -1 1 0.0982 0.0970 -1.194
1 1 1 0 2 0.1044 0.1040 -0.304
3 3 0 -2 0 0.1346 0.1367 1.58
2 3 1 -1 2 0.1503 0.1508 0.339
3 4 0 -2 1 0.1600 0.1588 -0.776
0 0 0 0 4 0.1626 0.1623 -0.203
0 1 1 0 4 0.1691 0.1684 -0.408
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Figure A4.14. 'H NMR spectrum obtained from precipitated CisE20 in CDClz in the presence of

trifluoroacetic acid. The integrals of the spectrum are calibrated such that number of methyl protons (a) is 3.

The total number of EO units is obtained by summation of e,f and g protons. A peak from residual acetone

in the NMR tube is observed at 6 = 2.18 ppm.
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Figure A4.15. Temperature versus wt% diagram generated by SAXS analyses of LLCs containing CisE20

that was precipitated from hexanes twice. Only the canonical FCC, BCC and H, phases are observed with no

evidence of any FK phases.

Table A4.4. List of laboratory notebook page numbers and synchrotron trips corresponding to molecules

shown in Chapter 4.

Molecules
Ci6E21—C
Ci6E10—S
CiE21—N
Precipitated

CisE20

Notebook page number
AJ2-129
AJ2-93
AJ2-120

AJ2-137

APS trips
October 2018
October 2018

Dec.2018, March 2019

March, Aug. 2019
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