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Abstract

Concentration-dependent supramolecular self-assembly of amphiphilic molecules in water
furnishes a variety of nanostructured lyotropic liquid crystals (LLCs), which typically display
high symmetry bicontinuous network and discontinuous micellar morphologies. Aqueous
dispersions of soft spherical micelles derived from small molecule amphiphile hydration
typically pack into exemplary body-centered cubic and closest—packed LLCs. However,
investigations of hydrated mixtures of the ionic surfactant tetramethylammonium decanoate
loaded with 40 wt% n-decane (TMADec-40) revealed the formation of a high symmetry
bicontinuous double diamond LLC, as well as cubic C15 and hexagonal C14 Laves LLC phases
that mirror the MgCu, and MgZn, intermetallic structure types, respectively. Detailed small-
angle X-ray scattering analyses demonstrate that the complex C15 and C14 LLCs exhibit large
unit cells, in which twelve or more ~3—4 nm diameter micelles of multiple discrete sizes arrange
into tetrahedral close packing arrangements with exceptional long-range translational order. The
symmetry breaking that drives self-assembly into these low symmetry LL.C phases is rationalized
in terms of a frustrated balance between maximizing counterion-mediated micellar cohesion
within the ensemble of oil-swollen particles, while simultaneously optimizing local spherical

particle symmetry to minimize molecular-level variations in surfactant solvation.



The properties and ultimate applications of self-assembled soft materials stem from their
mesoscale structures, which reflect local molecular packing arrangements that are controlled by a

delicate balance of non-covalent interactions. A series of similar structural motifs arise from the
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self-assembly of block polymers,” * thermotropic liquid crystals (LCs), giant shape
amphiphiles,” ® and lyotropic liquid crystals (LLCs),”® including the formation of 1D layered
structures (lamellae), 2D columnar phases, high symmetry bicontinuous 3D networks, and
various 3D sphere packings. Depending on the size and symmetry of the molecular building

blocks and the length scales at which they cooperatively self-assemble, these supramolecular

structures exhibit useful physical properties as photonic band gap materials and Bragg
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reflectors, " templates for catalytically useful microporous and mesoporous metal oxides,

and encapsulation media and targeted delivery vehicles for molecular therapeutics.'*"
Broadening the existing and future potential applications of these designer soft materials
motivates studies of the fundamental principles underlying their “bottom up” self-assembly into
ever more complex structures with unique and exciting properties.

A cursory survey of the Periodic Table reveals that numerous metallic elements form high
symmetry structures containing 2—4 particles per unit cell, exemplified by body-centered cubic
(BCC), face-centered cubic (FCC), and hexagonally closest-packed (HCP) structures.'” While the
latter two arrangements may be intuitively rationalized as hard sphere packings that regularly fill
space at maximum density, detailed electronic structure models account for all three atomic
packings in terms of pairwise interparticle interactions mediated by a “sea of free electrons.”"®
However, certain metallic elements (e.g., Mn, Ta,” and Pu®) and numerous metal alloys form

low—symmetry crystals with gigantic unit cells comprising = 7 particles, known as Frank—Kasper

(FK) phases."” In their seminal papers nearly 60 years ago, Frank and Kasper recognized that the



fundamental atomic packing motifs in these low symmetry crystals are tetrahedral arrangements
of atoms with an average of > 12 neighboring lattice sites.*"** Thus, each atomic position in a FK
phase sits within a cluster with a coordination number CN = 12, 14, 15, or 16. Numerous FK
metal alloy phases have been experimentally documented, and they are now well-recognized as
3D periodic approximants of quasicrystals. Quasicrystals, which exhibit local rotational
symmetry with no long-range translational order, may thus be viewed as FK phases with
infinitely large unit cells.** The formation of these complex FK phases is thought to arise from
the simultaneous optimization of both metallic bonding and Fermi surface sphericity, the latter of
which describes the distribution of free electron velocities within a metallic solid.”

While soft spherical particles arising from molecular self-assembly are often reported to form
FCC, HCP, and BCC lattices, a series of recent examples illustrate their propensity to form FK
phases that are structurally analogous to those of metals and their alloys.”*** The first aqueous
lyotropic cubic A15” and C15 Laves™ ' mesophases of minimally hydrated small molecule
surfactants were first reported over 25 years ago, although the physical principles governing their
formation remained obscure until only recently.”>* A number of reports over the last 15 years
have described FK A15 and o phases, as well as related dodecagonal quasicrystals, in
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thermotropic LCs of wedge-type dendrons,***® linear diblock and multiblock polymers,
giant shape amphiphiles.” ® Furthermore, specific thermal processing protocols can even coax
compositionally asymmetric diblock polymers to self-assemble into tetrahedrally closest-packed
cubic C15 and hexagonal C14 Laves phases.*”*" A distinguishing feature of these complex soft
matter phases is the spontaneous formation of two or more symmetry-equivalent classes of

particles with discrete sizes. FK micellar packings in pseudo-single component block polymers

apparently arise from local minimization of unfavorable core—corona interactions for each



particle, and simultaneous global optimization of cohesive van der Waals contacts across the
ensemble of particles (i.e., packing at uniform density to minimize 3D packing frustration).”> **

However, the formation of aqueous LLC FK phases of normal surfactant micelles embedded
in a water matrix is governed by different phenomena, due to the lack of interparticle van der
Waals contacts. Kim et al. recently reported that normal micelles of a dianionic
alkylphosphonate surfactant form lyotropic A15 and BCC phases, along with a more complex
LLC FK 6 mesophase.” On the basis of molecular dynamics (MD) simulations, they rationalized
the formation of these phases in terms of maximization of electrostatic interparticle cohesion,
while minimizing molecular-level variations in surfactant solvation. However, the generality of
these phenomena, the possibility of accessing other complex micellar FK LLCs, and the origins
of complex phase selection in sphere-forming LLC materials remain in question.

In this report, we describe the unexpected aqueous LLC phase behavior of a mixture of a
simple ionic surfactant loaded with a hydrocarbon oil that forms a variety of structured
microemulsions. Specifically, we use small-angle X-ray scattering to investigate the water
concentration—dependent self-assembly characteristics of hydrated tetramethylammonium
decanoate loaded with 40 wt% n-decane. These studies expose the remarkable ability of these
simple ternary compositions to form a normal bicontinuous double diamond, and three very
different spherical micelle morphologies: a BCC packing, a cubic C15 Laves phase, and an
unexpected LLC Cl14 Laves phase. Retrostructural analyses based on high-resolution
synchrotron X-ray data, in conjunction with geometric considerations of micelle sphericity,
provide insights into the cohesive forces that stabilize the complex C15 and C14 Laves

structures.



Results and Discussion

In the course of our studies of the aqueous microemulsion phase behaviors of mixtures of
single-tail alkylcarboxylate surfactants with low molecular weight hydrocarbon oils, we
observed the formation of a set of structured LLC mesophases with unusual physical properties
(vide infra). Herein, we focus exclusively on a series of LLC samples derived from a mixture of
tetramethylammonium decanoate (TMA-Dec) with 40 wt% n-decane that was variably hydrated
with ultrapure water. Analytically pure samples of TMA-Dec were produced by deprotonating
commercially available decanoic acid with (CH;),NOH in CH,OH. Microemulsion samples were
then prepared stepwise by: (1) combining carefully measured amounts of TMA-Dec with 40
wt% n-decane by three cycles of high-speed centrifugation and hand-mixing to produce a
composition designated TMADec-40, after which (2) ultrapure water was added and thoroughly
mixed by another three cycles of iterative high-speed centrifugation and hand-mixing (see

Methods Section for synthetic details and sample preparation protocols).

Using synchrotron small-angle X-ray scattering (SAXS), we systematically explored the
temperature-dependent LLC phase behavior of TMADec-40 in the range of surfactant headgroup
hydration numbers w, = (total moles H,0)/(mol TMA-Dec) = 2-30 between 7 = 23-100 °C. The
reported w, explicitly accounts for the total amount of water present in the sample arising from
addition of water to the analytically pure surfactant hydrate (see Methods Section). Optically
non-birefringent LLCs having w, = 26-30 exhibit six SAXS peaks located at scattering
wavevector ratios g/g* = \/2, \/4, \/6, \/10, \/12, and V14 (g*=0.1688 A‘l), consistent with a BCC
arrangement of spherical micelles with a unit cell parameter a = 5.3 nm (Figure 1). Upon raising
the temperature of these samples, we find that the sharp Bragg scattering peaks of the BCC

lattice melt into the broad scattering of a disordered, fluid micellar solution. SAXS analyses



revealed that this lattice order-disorder transition is fully reversible (see Supporting Information
Figure S1). We note that addition of excess water to these LL.Cs results in the formation of fluid
solutions of micelles that are visually homogeneous, implying that this BCC phase is a normal

micellar LLC comprising oil-swollen particles in an aqueous matrix.
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Figure 1. Azimuthally-integrated  one-
dimensional intensity I(g) versus scattering
wavevector g profiles for aqueous LLCs of
TMADec—40 at surfactant headgroup hydration
numbers w, = 4, 10, 22, and 26, which
respectively correspond to a hexagonally—
packed cylinders phase (H;), H/C15 coexistence
(red markers indicate the (10), (11), and (20)
peaks of the H; structure), coexisting C14 and
C15 Laves phases (green markers indicate the
positions of the (100), (101), and (103) peaks of
the C14 structure), and a body-centered cubic
(BCC) spheres morphology.



Upon decreasing the TMADec-40 hydration number to w, = 24, we obtained an extremely
tacky, high modulus, optically non-birefringent LLC that was qualitatively stiffer than the above
BCC phases. SAXS analyses reveal that this sample presents an unexpected scattering signature
with > 30 sharp Bragg scattering peaks and an unusual intensity pattern (Figure 2A and Figure
S2). These peaks markedly sharpen after thermal annealing by heating to 100 °C and cooling to
ambient temperature. The combination of lower intensity low g peaks and the higher intensity
peaks at intermediate g = 0.14-0.19 A" is reminiscent of the SAXS patterns of low symmetry FK
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A15 and o phases, possibly suggesting another complex lyotropic sphere packing. Detailed
analysis of this scattering pattern revealed that the underlying structure is consistent with the
hexagonal P6;/mmc symmetry with unit cell parameters a = 8.53 nm and ¢ = 13.89 nm with c/a =
1.628 (Figure 2A and Table S1). While this scattering signature also conforms to the lower space
group symmetries P6(-)c2, P6,;mc, P6;22, P3(-)lc, we prefer the highest symmetry P6;/mmc
space group according to established crystallographic convention. Although this structural
symmetry is the same as that of HCP spheres with a nearly ideal c/a = V8/3 = 1.633," the large
unit cell parameters for this packing of ~3 nm diameter micelles and the unique peak intensity
pattern imply a more complex structure. Furthermore, the SAXS peak intensity pattern differs
substantially from that of previously reported HCP LLC sphere packings (see Figure S2).*
Also, the highest Miller indices of the observed SAXS peaks suggest exceptional long-range
translational ordering at length scales > 100 nm. This scattering signature remains well-defined
and sharp up to T = 80 °C, above which the sharp peaks for this new phase are superposed on a
broad scattering peak corresponding to disordered micelles; this two—phase coexistence is

precedented and expected in ternary LLCs on the basis of Gibbs Phase Rule.* *’ The striking

resemblance of this diffraction pattern with those simulated and experimentally observed for the



hexagonal C14 Laves phases reported by Hajiw et al. in Au nanoparticle superlattices® and by
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Bates and co-workers in diblock polymers strongly suggests that this sample comprises an

aqueous lyotropic C14 mesophase.
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Figure 2. (A) SAXS powder diffraction profile obtained at 7= 25 °C for the aqueous C14 Laves
phase LLC derived from TMADec—40 at w, = 24 with unit cell parameters a = 8.53 nm and ¢ =
13.89 nm (c/a = 1.628), which exhibits at least 30 distinct, instrument resolution-limited peaks.
(B) Perspective view of the electron density map for this C14 Laves phase (90% isosurface)
derived from the experimental SAXS data, indicating the formation of three classes of
symmetry-equivalent micelles located in the 2a (gold), 4f (pink), and 6h (blue) Wyckoff
positions. (C) View of the electron density map for the C14 unit cell along the c-axis.

We used a combination of Le Bail refinement* of the SAXS data acquired at 25 °C to extract
the structure factor intensities for each scattering peak and established charge-flipping
algorithms™ to reconstruct an electron density map for this C14 Laves LLC (Figures 2B and 2C).
The resulting electron density map predicts the experimentally observed SAXS pattern with high
fidelity (residual factor R = 1; see Supporting Information for methodological details). The C14
unit cell contains 12 quasispherical micelles of three discrete volumes in an arrangement
analogous to the MgZn, intermetallic structure.”” From the 90% electron density isosurface
depicted in Figure 2, we estimate the micelle radii to be ~1.55, 1.72, and 1.53 nm for the 2a, 4f,

and 64 micelles, respectively (these values are approximate due the aspherical nature of the



particles). The large variations in micelle radii and volumes necessarily imply that each class of
symmetry-equivalent micelles must contain different numbers of oil and surfactant molecules,
instead of each micelle having the same average structure and chemical composition. Based the
mass densities of the chemical constituents of this C14 LLC phase, we estimate that n-decane
constitutes ~35 vol% of each micelle core and that the number of surfactants per micelle is N =
51, 63, and 49 for the respective 2a, 4f, and 6h lattice sites (see Supporting Information for the
detailed calculations). Excluding the hydrated counterions, the micelles may be viewed as core-
shell particles with an oily core sheathed by a surfactant shell that is ~0.45-0.50 nm thick.
Finally, the soft facets of each micelle face those of their nearest neighbors and thus mimic the
underlying Wigner-Seitz (W-S) cells of the C14 lattice. However, we note that these oil-laden
particles occupy only ~22-26 vol% of their respective W-S cells, which are otherwise filled with
hydrated (CH3);N" counterions. The micellar faceting and discrete micelle size distribution
mirror those previously observed by Kim et al. in LLC FK A15 and ¢ phases.” We return to the

origins of these unusual features of the electron density map in the discussion below.

Azimuthally-integrated SAXS intensity profiles for TMADec-40 LLCs in the hydration range
w, = 12-20 typically exhibit at least 20 scattering maxima located at g/g* = V3,v8,V11,V12,...
(g% = 0.0493 A™"), which conform to the cubic Fd3(-)m space group symmetry with hydration—
dependent unit cell parameters a = 11.80-12.74 nm (Figure 3A and Table S2). This cubic
symmetry is consistent with the optically non-birefringent character of these LLC samples. The
occurrence of many sharp, high index reflections (e.g., (911)) again signifies ordered grain sizes
> 100 nm, in these materials especially after thermal cycling to 100 °C. The SAXS pattern and
structural symmetry of this sample are wholly consistent with well-known inverse LLC C15

Laves phases, except that the TMADec-40 LLC is a normal micellar phase.” *" * The
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reconstructed electron density map for this morphology at w, = 12 (Figure 3B) exhibits excellent
figures of merit (see Supporting Information for methodological details). This density map
reveals 8 large, nearly spherical micelles situated on a diamond lattice, wherein the tetrahedral
interstitial sites are filled with tetrahedral groupings of much smaller and slightly deformed
micelles (Figure 3C). This spatial particle arrangement is directly analogous to that of the C15
Laves MgCu, intermetallic compound.'” Quantitative analyses of this structure demonstrate that
these micelles exhibit radii of ~2.02 and ~1.80 nm for the 8a and /6d lattice sites, indicating a
~42% volume difference between the different oil-swollen micelles and thus systematic
composition differences between each class of symmetry-equivalent particles. We estimate that
~35% of the volume of each micelle core is filled by n—decane and that the number of surfactants
per 8a and 16d micelles is N = 101 and 80, respectively (see Supporting Information for detailed
calculations). Neglecting the hydrated counterion cloud, we estimate that the micellar particles
comprise an oily core surrounded by a surfactant shell that is ~0.53-0.59 nm thick for this C15
LLC. Closer inspection of this electron density map also shows that the micelles exhibit soft
facets, which again mirror the Wigner-Seitz cell structure of the underlying lattice. These oil-
filled particles occupy only ~30-35% of the W-S cell volume for their respective lattice sites,
with the balance comprising (CH3)4N+ counterions and H,O. While the observed structure is
entirely consistent with well-known inverse micellar Fd3(-)m phases,”™ ' these TMADec-40
LLCs are normal micellar phases with exceptional stability over the temperature range 22 < T <
100 °C. To the best of our knowledge, this normal C15 Laves LLC constitutes the second report

of such a structure® and the physical mechanism by which it forms has not been elucidated.
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Figure 3. (A) Azimuthally—integrated SAXS
powder pattern for the aqueous C15 Laves LLC
phase of TMADec—40 at w, = 12 acquired at 25
°C with a cubic unit cell parameter a = 12.74
nm, which exhibits at least 20 distinct peaks,
indicative of a high degree of long-range
translational order. (B) A view of the electron
density map for this C15 phase (90% isosurface)
displaying two classes of symmetry-equivalent
micelles located in the 8a (aqua) and 16d
(green) Wyckoff positions. (C) View of the C15
unit cell electron density map along the (100)
direction.

Situated in between the pure C14 and C15 LLC phases, the TMADec-40 LLC with w, = 22
exhibits coexisting C14 and C15 phases (Figure 1). The position of the (002) reflection of the

C14 phase notably coincides with that of the (111) reflection of the C15 structure, in a manner

12



directly analogous to intermetallic compounds,”” in which these two phases are
thermodynamically close in energy and often coexist. Since the layer stacking in the C14
structure may be described as a repeating AABB... motif and that of the CI5 phase is
AABBCC...," the crystallographic coincidence of the aforementioned reflections is expected.
We also note that the surprisingly stiffer texture of the C14 LLC at higher w, as compared to that
of the C15 phase probably arises from the lower space group symmetry of the former phase,

which implies fewer slip systems that permit facile deformation.'"*’

At the lowest hydrations w, = 2-8, we observed two additional TMADec-40 LLC phases.
Optically birefringent samples with 4 < w, < 8 exhibit simple SAXS patterns that correspond to
hexagonally-packed cylindrical micelles (H;) with peaks located at g/g* = V1,v3, V4, and V7 (¢*
=0.1823 A™"), with an intercylinder distance of ~4.0 nm (Figure 1). At a composition with w, =
10 between that of the pure H and C15 phases, we observe a region in which these two phases
coexist. At the lowest hydration w, = 2, we obtained azimuthally-integrated SAXS patterns with
relative peak positions g/g* = \/2, \/3, \/4, \/5, \/8, and V9 (g*=0.1120 A’l) that correspond to a
normal bicontinuous double diamond (D) LLC phase with cubic Pn3(-)m symmetry and cell
parameter a = 5.56 nm (Figure 4A).>* The lack of optical birefringence in this sample concurs
with the cubic space group symmetry deduced from SAXS. While this SAXS intensity profile is
nearly identical to that reported for well-known inverse double diamond (D) phases, this
TMADec-40 LLC appears to be the first unambiguously identified normal (Type I) double
diamond structure. While its formation is not physically forbidden, Chen and Jin have suggested
that normal D phases are less stable than the normal bicontinuous double gyroid structure.”” We
used Le Bail refinement to extract the structure factor amplitudes from this SAXS pattern, which

were used as inputs for the SUPRFLIP charge—flipping algorithm to reconstruct an electron

13



density map for this LLC (see Supporting Information for methodological details). This iterative
charge flipping method makes no presumptions regarding the sample composition, space group
symmetry, nor the phases associated with each reflection. The final electron map predicts the
observed SAXS data with high fidelity (residual factor R = 1) and the resulting map exhibits the
expected cubic Pn3(-)m symmetry. Thus, the electron density map for this normal D phase
(Figure 4B) confirms the bicontinuous nature of this network of four-fold lipidic connectors in an
aqueous matrix, which resembles the connectivity of known inverse D phases observed in LLCs

of monoolein and related lipids.*
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Figure 4. (A) SAXS intensity profile for the
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normal double diamond (D;) morphology
formed by hydration of TMADec—40 with w, =
2 at 25 °C, which exhibits a cubic lattice
parameter a = 5.56 nm. (B) Electron density
map for this D, phase (90% isosurface), which
depicts two interpenetrating networks for four-
fold connectors in an aqueous matrix.

The phase behavior of hydrated TMADec-40 mixtures is graphically depicted in the aqueous
LLC phase diagram given in Figure 5. As the water content decreases, we observe the phase
sequence BCC — C14 — C15 — H — D. Gibbs’ Phase Rule anticipates regions of two-phase
LLC coexistence in this phase portrait between each pair of the pure phase windows. However,
we only observe Hi/C15 and C14/C15 coexistence windows, likely due to the resolution of our
phase map: analyzed samples are separated by headgroup hydration increments Awy = 2 and
temperature increments A7 = 20 °C. While the BCC micellar packing comprises uniform
spherical particles packed on a high symmetry lattice as expected for simple surfactant/oil/water
mixtures, dehydration of this phase leads to the tetrahedrally closest-packed C14 and C15 Laves
phases. The latter structures exhibit multiple classes of symmetry-equivalent, deformed micelles
with specific volumes that reflect differences in their oil/surfactant molecular compositions. The
symmetry lowering transition from the BCC structure to a series of exceptionally well-ordered
FK phases suggests that these phenomena originate from a subtle balance of non-covalent
interactions between the micelles. Rappolt and co-workers have previously rationalized the
formation of inverse micellar C15 LLC phases, in which the water nanopools are encapsulated
by lipids to yield hairy particles, as maximizing the spherical nature of the reverse micelles while
minimizing 3D packing frustration of the lipid tails.”* Bates and co-workers similarly reasoned
that the C14, C15, and FK ¢ phases in compositionally asymmetric diblock polymers arise from

maximizing the spherical character of block polymer micelles while packing their corona chains
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at constant density.*”*> However, these arguments do not directly apply to normal LLCs due to

the lack of van der Waals contacts between the quasispherical particles.
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Figure 5. Temperature versus surfactant
hydration number (w,) aqueous LLC phase
diagram for TMADec-40, indicating the

composition windows of stability for the
normal BCC, C14, C15, H;, and D, phases.

Pairwise interactions between the negatively charged, decane-swollen alkylcarboxylate
micelles are mediated by the solvated (CH3)sN" counterions situated in the aqueous domains of
these spherical LLCs, by analogy to a recent report by Kim et al.”® In order to maximize the
electrostatic cohesion in this particle ensemble, the soft and hydrophobic counterions concentrate
along midplanes that bisect the directions connecting the centers of neighboring micelles. Thus,
the counterions outline the polyhedral boundaries of the CN = 12, 15, and 16 Wigner-Seitz cells
of the tetrahedrally closest-packed C14 and C15 structures, as well as the truncated octahedral

(14-faced) BCC Voronoi cells. Detailed analyses of the electron density map for the C14 phase
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provide experimental evidence for this counterion arrangement. Figure 6 depicts a plot of the
two-dimensional electron density map (90% isosurface) for the z = %4 plane (normal to the (002)
direction) that cuts through the 64 micelles shown in Figure 2B. Close inspection of the lower
right corner of this map reveals: (1) regions of highest electron density at the oxygen-rich
peripheries of the facetted 64 micelles, and (2) regions of relatively lower electron density at the
center of the channels between these micelles (highlighted by dashed yellow ovals in Figure 6),
which correspond to counterion concentration along the Wigner-Seitz cell boundaries between
these CN = 12 particles. Since the average locations of the (CH3)4N" counterions are highly
correlated with those of the alkylcarboxylate surfactant headgroups,” faceting of the counterion
clouds drives soft faceting of the micelle cores to minimize variations in the counterion-

headgroup distances.

Electron density (a.ul.)
— T T |

Figure 6. Two-dimensional electron density
profile in the z = %4 plane (90% isosurface) of
the C14 Laves LLC phase, in which the lightest
blue regions of highest electron density are the
carboxylate-rich surfaces of the 64 micelles.
The regions of relatively lower electron density
at the centers of the channels between 6h
micelles (outlined in yellow) correspond to
localized and hydrated (CH;),N* counterions.
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However, isolated micelles in the presence or absence of hydrocarbon oils exhibit a strong
thermodynamic preference to form spherically symmetric structures on multiple grounds. A
spherical structure minimizes the surface area to volume ratio, thus obviating unfavorable
contacts between water and the hydrophobic micelle cores. The uniform curvature of a spherical
particle also ensures uniform surfactant headgroup and counterion solvation, consistent with
minimizing their solvation free energies. Kim et al. coined the term “ionic sphericity” in

reference to this particle symmetry preference.”

We rationalize the observed sequence of spherical phases BCC — C14 — C15 in terms of
maximization of interparticle cohesion within the LLC with maximal ionic sphericity at each
hydration. Consider a dilute dispersion of disordered micelles, wherein an abundance of water
screens the interactions between the particles. Concentrating this solution results in symmetry
breaking to yield a lyotropic mesophase at the critical water concentration (w, i), where the
counterion clouds of adjacent micelles impinge on one another and induce their electrostatic
cohesion. In accord with symmetry arguments by Alexander and McTague regarding
minimization of the configurational entropy decrease in liquid-to-solid phase transitions,” we
experimentally observe the formation of a BCC LLC phase in which all lattice sites are
symmetry equivalent. Further dehydration of this BCC phase increases the ionic strength of the
aqueous matrix, while drawing the micelles closer together. The distance reduction between
adjacent lattice sites distorts the micelle counterion clouds to conform to the truncated octahedral
shape of the Wigner-Seitz cells of the BCC lattice (14-sided polyhedra). However, faceting of
the counterion cloud opposes ionic sphericity. Thus, reduction in the LLC water content drives a
transition to a new structure either by particle reconfiguration through molecular exchange of

surfactant and oil or by micelle fusion and fission events.
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In order to simultaneously maximize ionic sphericity and electrostatic cohesion in the LLC
structure, the surfactant and oil molecules redistribute to form a new phase wherein a greater
number of neighboring particles surrounds each micelle. The preference for a higher average
coordination number (average CN > 12) in the newly formed lattice originates from the fact that
increasing the number of facets on a convex polyhedron renders it more spherical, so that the
new packing arrangement maximizes ionic sphericity of the oil-swollen micelles.” However, the
drive toward local spherical particle symmetry occurs at the expense of reducing the overall LLC
lattice symmetry.””** Thus, complex spherical micelle packings emerge as a consequence of the

frustration between local particle symmetry and global lattice energy.

Several groups have predicted the specific sequence of ordered state symmetries expected to
materialize from this frustrated supramolecular force balance, by examining the average
isoperimetric quotients of various FK crystal lattices.”” *> *»* The isoperimetric quotient of a
polyhedron is defined as IQ = 36nV%/S°, where V and S are its respective volume and surface
area. A perfect sphere has /Q = 1, and a value closer to 1 reflects a polyhedral object that more
closely approximates a sphere. The number-average isoperimetric quotients for the Wigner-Seitz

cells of FK phases decrease in the order:
6 (0.7623) > A15 (0.7618) > C14 (0.7613) = C15 (0.7613)

all of which are greater than IJQ(BCC) = 0.7534.* The phase sequence recently reported by Kim
et al. in dianionic alkylphosphonate surfactant LLCs as a function of decreasing wy reflects this
ordering, as a FK A15 phase forms at a lower wy than the ¢ phase.” The increased ionic strength

in the water domains with decreasing wy screens intermolecular repulsions between surfactants in
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a given micelle, which allows the micelles to more easily deform and adopt structures with lower

ionic sphericities.

We speculate that the notable absence of higher sphericity 6 and A15 phases in TMADec-40
LLCs arises from two factors: (1) chemical differences in the surfactant headgroups, and (2) the
presence of n-decane as a micelle swelling agent. Alkylphosphonate surfactants form high
curvature spherical micelles with low aggregation numbers, as a consequence of the strong
intermolecular repulsions between their dianonic headgroups that enforce ionic sphericity.” On
the other hand, alkylcarboxylate surfactants form relatively larger micelles that are more
deformable due to their monoanionic headgroup functionalities, which incur a lesser electrostatic
penalty upon deformation. The presence of n-decane in the cores of these alkylcarboxylate
micelles probably also reduces particle rigidity. n-Decane further allows the formation of a
broader distribution of discrete micelles sizes, which are necessary for C14 and C15 phase
formation. We found that TMA-Dec loaded with as little as 10 wt% decane (TMADec-10) also
forms aqueous LLC C14 and C15 phases, albeit with lower degrees of long-range translational
order and somewhat broader SAXS peaks (see Figure S3 for the LLC phase diagram and
representative SAXS patterns). In the absence of any oil, our preliminary SAXS analyses
demonstrate that TMA-Dec forms only Gy, H;, A15, and BCC LLCs. Previous MD simulations
of alkylphosphonate A15 and ¢ aqueous LLC phases (in the absence of oil) suggest that their
micelle volumes only vary by +£10% from their average values.” However, micelle radii
estimates from the C14 and C15 electron density maps imply variations in the oil-swollen
micelle volumes of £ 20% around their average values. We speculate that decoupled surfactant

and hydrocarbon exchange through n-decane addition enables the formation of a broader micelle
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size distribution. Thus, the lower sphericity C14 phase forms instead of the ¢ phase anticipated

by sequence of number-averaged isoperimetric quotients.

Given that the hydrocarbon oil significantly perturbs the structure and rigidity of the micellar
particles, one might alternatively argue that different sphericity metrics govern the phase
sequences observed in neat surfactants and oil-loaded microemulsions. Instead of number
averaging the isoperimetric quotients of each W—S cell as described above, it is possible that the
phase sequence observed in LLC microemulsions is determined by the 1Q calculated from the
number-average surface area and the number-average volume of the lattice W—S cells. This

method of averaging instead anticipates the phase sequence:

C14 (0.7650) = C15 (0.7650) > & (0.7632) > A15 (0.7618),

which is consistent with the observed formation of both C14 and C15 phases in aqueous
TMADec-40 LLCs. By analogy to recent self-consistent mean-field theory calculations for
spherical morphologies of diblock polymers,” the thermodynamic ground state energies of the
Cl14, C15, o and A1S5 phases are likely very similar. Nonetheless, exactly how subtle differences
in geometry influence the thermodynamics underlying complex LLC sphere packing phase

selection remains an open question.

Conclusion

The water concentration-dependent lyotropic self-assembly of simple, single-tail decanoate
surfactant micelles swollen with n-decane unexpectedly leads to formation of both C15 and C14

normal micellar LLC phases. While isolated oil-swollen micelles in excess water preferentially
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form a spherical core surrounded by a spherically symmetric shell of charge-compensating
counterions, cohesive interactions between neighboring micelles in ordered LLC lattices drive
deviations from counterion cloud sphericity. In order to simultaneously maximize both
interparticle cohesion in the ordered lattice and ionic sphericity, oil and surfactant spontaneously
reconfigure into micelles with a discrete distribution of sizes and chemical compositions that
enable their low symmetry packings. The frustration between maximizing local ionic sphericity
of the particles while minimizing global lattice free energy begets the self-assembly of
exceptionally well-ordered yet complex LLC phases comprising ~3 nm diameter micelles with
grains sizes > 100 nm. The decoupled reconfigurability of particle mass and charge in these
ternary oil/water/surfactant mixtures apparently affords exciting opportunities for tuning the
observed distribution of particle sizes and their accessible lattice packing symmetries. Given that
FK phases are periodic 3D approximants to quasicrystals, subtle manipulation of the identity and
amount of added hydrocarbon oil may enable access to liquid quasicrystalline states from

relatively simple chemical building blocks.

Methods
Materials. All reagents were purchased from the Sigma—Aldrich Chemical Company
(Milwaukee, WI) and used as received. An aqueous solution of (CH,),NOH was titrated with a
standardized 1.000 N HCl(agq) solution to yield an aqueous base concentration of 1.007 M.
Molecular analysis. 'H and “C spectra of surfactant samples dissolved in CD,OD-d, were
acquired at 24 °C using a Bruker Avance 400 spectrometer. Carbon, hydrogen, and nitrogen

combustion analyses were performed by Atlantic Microlab, Inc. (Norcross, GA, USA).
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Synthesis of Tetramethylammonium Decanoate (TMA-Dec). A suspension of decanoic
acid (11.34 g, 65.85 mmol) in MeOH (150 mL) was stoichiometrically deprotonated with an
aqueous solution of (CH,),NOH (65.42 mL, 1.0065 M in H,O, 65.85 mmol) in a round-bottom
flask equipped with stirbar. This mixture was stirred at 22 °C for an additional 2 h after it
became homogeneous to ensure complete reaction, after which the volatile solvents were
removed under vacuum. The resulting hygroscopic solid was freeze-dried two times, by
suspending the solids in C¢H, (50 mL), freezing the suspension in N,(/), and subliming the frozen
solvent at reduced pressure. 'H NMR (400.18 MHz, CD,0D-d,, 24 °C): 6 (ppm) 3.22 (N-CH,, s,
24H), 2.18-2.14 (CH,-COOQO, t, 2H), 1.65-1.58 (CH,-CH,, m, 2H), 1.36-1.31 (CH,, m, 12H),
0.93-0.90 (CH,-CH,, t, 3H). "C NMR (100.62 MHz, CD,0D, 24 °C): § (ppm) 181.45 (C=0),
54.47 (N(CH,),), 47.60 (CH,), 38.01 (CH,), 31.68 (CH,), 29.52 (CH,), 29.33 (CH,), 29.29 (CH,),
29.07 (CH,), 2647 (CH,), 22.34 (CH,), 13.06 (CH;). Anal. calc. for C,,H;,NO,*0.45H,0: C,
68.52; H,12.73; N, 5.71. Found: C, 68.31; H, 12.80; N, 5.48.

Lyotropic Liquid Crystal (LLC) Sample Preparation. Aqueous LL.Cs were prepared by the
following two-step procedure. Precisely massed amounts of solid TMA-Dec and n-decane (40
wt% relative to the surfactant) were combined in 4 mL vials, which were iteratively centrifuged
at 4950 x g for 10 min at 25 °C and hand-mixed with a spatula three times to yield TMADec—40.
Ultra-pure water (Type I, 18MQecm) was massed into to the surfactant/oil mixture, after which
the ternary microemulsion mixture was centrifuged and hand-mixed three more times to yield
optically homogeneous, gel-like solids. All LLC samples thus prepared were pre-annealed at 50
°C for 15 min and allowed to rest at room temperature for a minimum of 24 h prior to X-ray
analyses. Samples not in active use were stored in tightly capped vials to avoid any dehydration.

The compositions of all TMADec—40 LLCs are reported in terms of the surfactant headgroup

23



hydration number w, = (total moles of H,O present)/(moles TMA-Dec), where the total number
of moles of H,O includes both the water associated with the TMA-Dec surfactant hydrate and
the ultra-pure water added.

Synchrotron Small-angle X-ray Scattering (SAXS). A beam energy of 13.30 keV (1 =
0.9322 A) and sample-to-detector distance of 2.027 m were used at the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL) Sector 12-ID-B synchrotron beam line for all
SAXS analyses. LLC samples were sealed in hermetic, alodined aluminum DSC pans (TA
Instruments, New Castle, DE) to prevent water loss during analyses, and these pans were
thermally equilibrated for at least 5 min at the desired temperatures using a Linkam DSC hot-
stage, prior to X-ray exposure. Scattering patterns from LLC samples obtained by sample
exposure to high intensity X-rays for < 0.1 s were collected on a Pilatus 2M detector (25.4 cm x
29.0 cm rectangular area with 172 um x 172 um pixels). The sample to detector distance was
calibrated using a silver behenate standard (d = 58.38 A). 2D-SAXS patterns were azimuthally
integrated to generate one—dimensional intensity I(g) versus scattering wavevector ¢ (A

patterns using the DataSqueeze software package (http://www.datasqueezesoftware.com).

Detailed descriptions of the extraction of the structure factor intensities by Le Bail refinement
of the SAXS data using the JANA2006™ crystallographic computing software package, and
subsequent application of the charge flipping algorithms implemented in the SUPERFLIP”
software program are provided in the Supporting Information. SUPERFLIP text input files from
which the electron density maps (90% isosurfaces) in Figures 2-4 were derived are also

furnished in the Supporting Information.
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