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ABSTRACT: We report detailed small-angle X-ray scattering (SAXS) studies of the o} | “',E
impact of variable n-decane loadings on the lyotropic liquid crystalline (LLC) phase e 0P /N? =35

behaviors of homologous bis(tetramethylammonium) gemini didecanoate surfactants ), b -

TMA-7x, which derive from dimerizing decanoic acid through its a-carbon with 0@ ’ll@ ] Network LLCS
hydrocarbyl linkers —(CH,),— where x = 3, 4, S, and 6. TMA-7x amphiphiles with x = 3 o T\ =
or S exhibit a strong propensity to form normal double gyroid (G) LLC network + AN X=46 Eﬂ
mesophases over wide surfactant hydration ranges, as compared to homologues with x = ’ o

4 or 6. On swelling aqueous TMA-7x LLC mesophases with up to 35 wt % n-decane, we +H,0 LLC Spheres

demonstrate that odd-carbon linked surfactants (x = 3 or S) form G and normal double

diamond (D) phases over wide water concentration windows with T = 22—100 °C. Complementary studies of decane-swollen
TMA-7x (x = 4 or 6) aqueous LLCs instead demonstrate significantly diminished network phase stability, in favor of hexagonally-
packed cylinder phases and a zoo of complex quasispherical micelle packings, which include micellar C14 and C15 Laves phases
(P63/mmc and Fd3(—)m symmetries, respectively) and high-symmetry hexagonally close packed (HCP) and body-centered cubic
(BCC) arrangements. These rich phase behaviors are rationalized in terms of linker length parity-dependent surfactant
conformations and the delicate free energy balance that guides the packing of these geometrically anisotropic amphiphiles by
minimizing unfavorable water-hydrophobic contacts, maximizing ionic surfactant-headgroup counterion solvation with minimal local
variations, and maximizing electrostatic cohesion within these supramolecular assemblies.

B INTRODUCTION network (N) phase LLC that exhibits percolating and
interpenetrating aqueous and hydrophobic domains. Three
commonly observed N phases are double gyroid (G), double
diamond (D), and primitive (P) morphologies that are built
from either 3-, 4-, or 6-fold connectors.””* > Access to
aqueous N phase LLCs derived from single-tail ionic
amphiphiles is typically quite limited, thus curtailing the
reach of these materials in certain applications. This limitation
stems from the inability of such amphiphiles to form negative
Gaussian curvature interfacial packings, which require costly
variations in headgroup hydration and/or lipid tail packing
density.” One means of enhancing the stabilities of these N
phase aqueous LLCs is to add either hydrophilic or

pressure, efc.) leads to mesophases that include ordered 3D hydrophobic a<.iditives. in order to relziée_vg the pac1.<ing
packings of discontinuous micelles (I), 2D hexagonally-packed frustration associated w%th su.ch stru'c.tures. °" Thus, various
cylinders (H), and 1D lamellar phases (L,).>” These phases efforts.have sought to 1fient1fy a<:.1d1tlves that foster N phase
are classified as normal (Type I) phases if the aqueous domains formation an(fl to .eluadate their molecular structure/self-
curve toward the hydrocarbon domains, while inverse (Type assembly relationships.

II) LLCs exhibit concave water domains. The formation of Extensive work has examined how hydrophobic additives
LLC mesophases is of fundamental interest and of use in affe;ct the self-assembl}_r of inverse (Type II) N Pb??e LLCs, as
numerous current and prospective applications. Due to their a simple means of tuning the structures and stabilities of these
characteristic nanoperiodic hydrophilic and hydrophobic
domains, LLCs maybe used as nanoporous polymer mem- Received: November 4, 2019
branes,”~"" structure-directing agents for mesoporous inor- Revised:  February 10, 2020
ganic materials,"*~"® platforms for protein crystalliza- Published: February 26, 2020
tion,”'*™'® and drug delivery vehicles."”™*' In some of these

applications, the ideal LLC mesophase morphology is a 3D

Small-molecule amphiphiles solvated with small amounts of
water self-assemble into ordered one-, two-, and three-
dimensional supramolecular assemblies known as lyotropic
liquid crystals (LLCs), which comprise spatially periodic
aqueous and hydrophobic nanodomains that exhibit long-
range translational mesoscopic order.' > The water concen-
tration-dependent LLC morphologies arise from a subtle
balance of electrostatic and van der Waals (noncovalent)
interactions that direct the constituent amphiphiles into
specific interfacial packings, which give rise to unusual bulk
physical properties.’ Judicious manipulation of amphiphile
architecture and assembly conditions (i.e, temperature,
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potentially useful nanoperiodic structures. Among lipidic
LLCs, Type II bicontinuous Gy; and Dy; phases have attracted
widespread attention as biosensors,”””” membrane protein
crystallization platforms,'”"***™** and therapeutic delivery
vehicles.””** However, their applications scope is sometimes
limited by the narrow aqueous pore sizes (e.g,, 3—5 nm) that
arise from their small unit cell dimensions, with some notable
exceptions.””~* Although the ability of amphiphiles to
stabilize nonlamellar morphologies is poorly rationalized in
terms of “critical packing parameter” models,”** assembly of
these cubic phases that exhibit negative Gaussian (saddle)
curvature is better described as stemming from two competing
free-energy terms: (1) the energy associated with interfacial
bending and (2) the stretching energy of the surfactant
tails.”>" This conceptual framework suggests that insertion of
hydrophobic additives may serve to reduce the hydrophobic
surfactant tail packing frustration to promote greater N phase
stability. This notion is confirmed by data compiled in an
exhaustive review by Drummond and co-workers™® that
describes the Type II LLC phase behavior of bicontinuous
phases bearing different additives, which enhance their
stabilities and result in their expanded pore sizes.

In Type I LLCs, however, the effect of hydrophobic
additives on N; phase stabilities and their consequent
properties are poorly understood. In the absence of any
additives, the interfacial packings adopted by amphiphiles in N
LLCs are best described as delicately balancing nearly constant
surfactant headgroup hydration throughout the assembly,
while minimizing variations in hydrophobic tail stretching.
Due to the significant deviations from constant mean curvature
required for Nj phase formation, the temperature and
amphiphile concentration phase windows over which single-
tail amphiphile/water mixtures satisfy these packing constraints
are quite small, thus limiting access to them. Thus, one might
logically seek out additives that stabilize these structures over
wider phase windows, by analogy to the aforementioned case
of Type II assemblies. In contrast to Type II LLCs, Type I
LLCs exhibit a continuous water matrix with convex
hydrophobic interfaces. Thus, the impact of additives on the
formation of negative Gaussian curvature interfaces with
positive mean curvature required for N; phase self-assembly
will be different.

Gemini (“twin head and twin tail”) surfactants have recently
emerged as new amphiphile architectures that stabilize N
phases. Work by the groups of Gin®*”*°7>* and Zana™
demonstrated that the quaternary phosphonium and quater-
nary ammonium gemini amphiphiles self-assemble into
aqueous LLC G; phases over phase windows that are ~10
wt % wide, which are thermally stable between 22—100 °C.
These findings were ascribed to the anisotropic nature of the
hydrated gemini amphiphiles, which cannot be simply
described as axially-symmetric cone structures that pack to
fill space. Subsequent work by Mahanthappa and co-workers
established that gemini dialkanoate amphiphiles exhibit rich
phase behaviors, including their robust ability to self-assemble
into lyotropic G; phases over phase windows as wide as 45 wt
% at 22 °C.>**° This phase behavior sensitively depends on the
length of the surfactant linker, with a pronounced odd/even
effect.>® These findings starkly contrast the phase behaviors of
the single-tail alkyl carboxylate surfactants, in which the Nj
phase windows are narrow and accessible only at elevated
temperatures. Furthermore, gemini dicarboxylates uniquely
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self-assemble into new N phases, such as a tetracontinuous
network phase with 3D-hexagonal symmetry (H;'*).*°

The impacts of hydrophobic additives on the phase
behaviors of gemini surfactant LLCs, with specific attention
to Nj phase stabilization over large phase windows, are poorly
investigated. Kunieda and co-workers studied the role of
hydrophobic additives in Type I aqueous LLCs of single-tail
and gemini alkylamide-based dicarboxylate surfactants, in
which two single-tail amphiphiles were linked by an aliphatic
—(CH,),— linker.”” In contrast to the aforementioned gemini
dicarboxylates, they surprisingly observed that the binary
aqueous LLC L, N;, and H; phase window widths were not
apparently impacted by the surfactant architecture. The
addition of the hydrophobic n-dodecane and m-xylene typically
drove a narrowing of the H; window and the appearance of a
wide region of discontinuous micellar assemblies (I;) for both
single-tail and gemini surfactants. The specific N; and I; phases
formed were not identified, as their analysis relied exclusively
on polarized light microscopy (PLM) and low-resolution
small-angle X-ray scattering (SAXS). More recently, Jennings
et al. demonstrated that gemini dicarboxylate surfactants with
hydrocarbyl —(CH,);— linkers and tetramethylammonium
charge-compensating counterions exhibit aqueous LLC G
phase windows that are ~40 wt % wide.”® They also
demonstrated that these LLC G phases could be swelled
with the hydrophobic, cross-linkable monomer 1,6-hexanediol
dimethacrylate (HDDMA) without diminishing the N; phase
window width. Using high-resolution SAXS, they observed
formation of a pure G; phase as well as two-phase coexistence
of G; and previously unknown normal D phases. They further
achieved templated cross-linking polymerizations of the
diacrylate monomer within the Gj nanostructure to access
nanoporous, hydrophobic polymer networks with useful
mechanical properties and porosities. The stark differences in
these experimental reports on the impact of oil addition on
gemini dicarboxylate surfactant LLCs remain poorly under-
stood.

Motivated by these experiments, we report studies of the
binary and ternary LLC phase behaviors of tetramethylammo-
nium alkyl carboxylate gemini surfactants, as a function of
surfactant linker length in the presence of the hydrophobic
additive n-decane. We demonstrate that LLCs derived from
gemini surfactants with —(CH,);— and —(CH,);— odd-carbon
linkers may be swollen with relatively large amounts of n-
decane (up to 35 wt % overall) to yield pure G; and pure
normal D; morphologies. Upon swelling LLCs having
—(CH,),— or —(CH,)¢— even-carbon linkers with n-decane,
a variety of low-symmetry spherical micelle packings emerge.
These results are rationalized in terms of surfactant molecular
conformations, the extent of counterion-headgroup associa-
tion, and their resulting supramolecular packings.

B EXPERIMENTAL SECTION

Materials. All materials and reagent grade solvents were purchased
from Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA) and used as
received unless otherwise noted. 1,3-Dibromopropane, 1,4-dibromo-
butane, 1,5-dibromopentane, and 1,6-dibromohexane were distilled
from CaH, and stored under N,(g), in addition to being shielded
from light when possible to minimize photolytic decomposition.
Hexamethylphosphoramide (HMPA) was distilled from CaH, and
stored under nitrogen. Anhydrous and anaerobic tetrahydrofuran
(THF) was obtained by degassing analytical grade solvent by high
purity nitrogen sparging for 30 min, followed by repeated cycling
through an activated alumina column for >12 h in a Vacuum
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Atmospheres solvent purification system (Hawthorne, CA). Prior to
use, n-butyllithium was titrated against a THF solution of diphenyl-
acetic acid. Using a standardized 1.000 N HCl(aq) solution, the
concentration of a commercially available tetramethylammonium
hydroxide (TMAOH) was determined to be 1.007 M.

Molecular Characterization. 'H and "*C nuclear magnetic
resonance (NMR) spectra of surfactant samples dissolved in CD;0D
were acquired at 23 °C using a Bruker Avance 400 spectrometer.
Carbon, hydrogen, and nitrogen combustion analyses were performed
by Atlantic Microlab, Inc. (Norcross, GA, USA).

Gemini Diacid Synthesis. Gemini diacids derived from n-
decanoic acid were synthesized by previously reported procedures in
yields ranging from 43 to 69%.°**°

Representative Synthesis of Bis(tetramethylammonium)
Gemini Surfactants. In a flask equipped with a stir bar,
tetramethylammonium hydroxide (1.007 M, 2 equiv) was added to
a suspension of the gemini diacid (1 equiv) in ethanol with an overall
reactant concentration ~0.1—0.2 M.***® The mixture was stirred at
22 °C until it became homogeneous and clear, and then stirring was
continued for an additional 2 h. All volatiles were removed under
vacuum. The resulting products were azeotropically freeze-dried three
times by suspending the solids in C4Hj, freezing the solvent/solid
suspension in liquid nitrogen, and removing the CgHq(s) by
sublimation under reduced pressure to furnish the desired material
in quantitative yield. Surfactants are identified by the naming
convention TMA-7x, where TMA refers to the tetramethylammo-
nium counterion, the number 7 refers to the number of methylene
units in the surfactant tail, and x is the number of methylene units in
the linker (i.e., —(CH,),—).

Tetramethylammonium Heneicosane-9,13-dicarboxylate
(TMA-73). 'H NMR (400.18 MHz, CD,OD, 24 °C): 5 (ppm)
3.22 (N—CH;, s, 24H), 2.20-2.15 (CH-COO~, m, 2H), 1.60—1.51
(CH-CH,, m 4H), 1.42—1.30 (CH,, m, 30H), 0.93—0.89 (CH,—
CH,, t, 6H). *C NMR (100.62 MHz, CD;0D, 24 °C): § (ppm)
183.8 (C=0), 54.54—54.46 (N(CH,),), 49.48 (CH), 33.80 (CH,),
33.32 (CH,), 31.70 (CH,), 29.74 (CH,), 29.41 (CH,), 29.10 (CH,),
27.84 (CH,), 26.23 (CH,), 22.35 (CH,), 13.07 (CHj,). Batch 1: Anal.
Calcd for C5;HgN,0,-1.44 H,0: C, 66.87 H, 12.47; N, 5.03. Found:
C, 66.80; H, 12.67; N, 4.97. Batch 2: Anal. Calcd for C5;H¢N,O,:
2.23 H,0: C, 65.20 H, 12.44; N, 4.92. Found: C, 65.20; H, 12.33; N,
4.92.

Tetramethylammonium Docosane-9,14-dicarboxylate
(TMA-74). '"H NMR (400.18 MHz, CD,0D, 24 °C): § (ppm)
322 (N—CH;, s, 24H), 2.18—2.13 (CH-COO™, m, 2H), 1.59—1.52
(CH-CH,, m 4H), 1.35—-1.30 (CH,, m, 32H), 0.93—0.89 (CH,—
CH;, t, 6H). *C NMR (100.62 MHz, CD;0D, 24 °C): § (ppm)
183.85 (C = O), 54.53—-54.45 (N(CH,),), 49.57 (CH), 33.52 (CH,),
32.35 (CH,), 31.69 (CH,), 29.70 (CH,), 29.40 (CH,), 29.09 (CH,),
27.82 (CH,), 26.47 (CH,), 22.34 (CH,), 13.06 (CHj,). Batch 1: Anal.
Caled Cy,HgeN,0,,-1.67 H,0: C, 66.85; H, 12.51; N, 4.87. Found: C,
66.94; H, 12.62; N, 4.82. Batch 2: Anal. Caled Cy,HgN,0,2.00
H,0: C, 66.16; H, 12.49; N, 4.82. Found: C, 66.16; H, 12.32; N, 4.84.

Tetramethylammonium Tricosane-9,15-dicarboxylate
(TMA-75). 'H NMR (400.18 MHz, CD,OD, 24 °C): § (ppm)
3.22 (N—CH;, s, 24H), 2.18-2.14 (CH-COO~, m, 2H), 1.58—1.51
(CH-CH,, m 4H), 1.38—1.30 (CH,, m, 34H), 0.93—0.89 (CH,—
CH,, t, 6H). '*C NMR (100.62 MHz, CD,;0D, 24 °C): § (ppm)
183.85 (C=0), 54.54—54.45 (N(CH,),), 49.54 (CH), 33.56 (CH,),
33.43 (CH,), 31.70 (CH,), 29.71 (CH,), 29.40 (CH,), 29.09 (CH,),
27.84 (CH,), 26.49 (CH,), 22.35 (CH,), 13.08 (CHj,). Batch 1: Anal.
Caled for C3H,0N,0,:0.93 H,O: C, 68.85; H, 12.58; N, 4.87. Found:
C, 68.81; H, 12.68; N, 4.95. Batch 2: Anal. Caled for C33H,(N,O,-
2.08 H,0: C, 66.46; H, 12.53; N, 4.70. Found: C, 66.46; H, 12.73; N,
4.83.

Tetramethylammonium Tetracosane-9,16-dicarboxylate
(TMA-76). 'H NMR (400.18 MHz, CD;OD, 24 °C): § (ppm)
3.22 (N—CH;, s, 24H), 2.18—2.14 (CH-COO~, m, 2H), 1.56—1.52
(CH-CH,, m 4H), 1.38—1.30 (CH,, m, 36H), 0.93—0.89 (CH,—
CH,, t, 6H). *C NMR (100.62 MHz, CD,0D, 24 °C): § (ppm)
183.87 (C=0), 54.53—54.44 (N(CH,),), 49.49 (CH), 33.51 (CH,),
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33.41 (CH,), 31.69 (CH,), 29.69 (CH,), 29.39 (CH,), 29.09 (CH,),
27.97 (CH,), 27.82 (CH,), 22.35 (CH,), 13.07 (CHj,). Batch 1 Anal.
Caled for CyH,,N,0,-1.11 H,O: C, 68.87; H, 12.62; N, 4.72. Found:
C, 68.90; H, 12.88; N, 4.68. Batch 2 Anal. Calcd for C4,H,,N,0,-1.75
H,0: C, 67.55; H, 12.59; N, 4.63. Found: C, 67.53; H, 12.84; N, 4.67.

Preparation of Aqueous Lyotropic Liquid Crystalline (LLC)
Samples. Massed amounts of solid TMA-7x and n-decane (10 or 40
wt % relative to surfactant) were combined in 4 mL vials and mixed
by high-speed centrifugation (4950g) for 10 min at 25 °C, followed by
hand-mixing with a spatula. After repeating this process two more
times with the oil/surfactant mixture, ultrapure water (Type I, >18
MQ-cm) was massed into the mixture using a micropipette. Mixing of
this three-component mixture was effected by three additional cycles
of centrifugation and hand-mixing to yield optically clear, gel-like
solids. To ensure complete and reproducible oil uptake by these
mixtures, LLC samples were annealed for 30 min at S0 °C in a
thermostated heating block. Finally, samples were allowed to rest at
22 °C for a minimum of 24 h prior to X-ray analyses to relax any
residual stresses in the materials and to allow phase nucleation and
growth. Samples not in active use were stored in tightly capped vials.

Small-Angle X-ray Scattering (SAXS). A beam energy of either
14.0 or 13.3 keV (4 = 0.8856 or 0.9322 A, respectively) 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 beamline for all SAXS analyses. LLC samples were sealed
in alodined aluminum, hermetic DSC pans (TA Instruments, New
Castle, DE) to avoid water loss during analyses. Samples were heated
to a desired temperature using a Linkam hot-stage and thermally
equilibrated for at least 5 min, prior to X-ray exposure. 2D-SAXS
patterns were collected on a Pilatus 2 M detector (25.4 cm X 29.0 cm
area with 172 ym X 172 pm pixels) upon sample exposure to X-rays
for 0.1 s. The sample-to-detector distance was calibrated using a
silver behenate standard sample (d = 58.38 A). 2D-SAXS patterns
were azimuthally integrated to generate 1D intensity I(q) versus
scattering wavevector q (A™') patterns using the DataSqueeze
software package (http://www.physics.upenn.edu/~heiney/
datasqueeze/ index.html) or using MATLAB-based tools available to
users at the 12-ID-B beamline.

B RESULTS AND ANALYSIS

LLC Self-Assembly of Binary TMA-7x/H,O Mixtures.
We synthesized a homologous series of gemini dicarboxylate
surfactants based on decanoic acid with tetramethylammonium
counterions (Scheme 1) in high analytical purities following

Scheme 1. Synthesis of Gemini Didecanoate Surfactants

o 1) LDA (2 equiv.)

/MOH 2) THF/HMPA, -25 °C

Brk\)iBr

3)Me,NOH, MeOH
40°c

TMA-7x
x=3,4,50r6

previously described procedures.sé“55 We refer to these

surfactants using the nomenclature TMA-7x, where TMA
refers to the NMe," counterion, 7 is the number of methylene
units in the surfactant tails, and «x is the number of methylene
units in the surfactant linker. Sorenson et al.’* previously
determined that TMA-74 forms aqueous LLC G; phases over a
relatively wide composition window spanning ~15 wt %
surfactant. More recently, Jennings et al.>® described the
aqueous LLC phase behavior of the surfactant TMA-83u,
which derives from dimerization of 10-undecenoic acid using a
—(CH,);— linker, and observed G, phases that are thermally
stable between T = 22 and 100 °C over a 40 wt % wide
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composition window. Given the sensitivity of the phase
behavior of these binary surfactant—water systems to subtle
changes in molecular structure, we first sought to map the
lyotropic phase behaviors of the homologous series of
surfactants TMA-73, TMA-74, TMA-75, and TMA-76 using
high-resolution synchrotron SAXS, as control experiments for
subsequent additive studies. While the two aforementioned
studies”™® reported temperature versus composition phase
diagrams in which the composition was specified as a
surfactant weight fraction, we instead use headgroup hydration
number w, = (moles H,0)/(moles —CO,") as a measure of
composition in this work. Since previous work by Perroni et
al.>® demonstrated that gemini dicarboxylate surfactant phase
behavior depends sensitively on linker length parity, we
structure the description of our findings to focus first on
even carbon-linked gemini dicarboxylates and their phase
behaviors upon oil loading, before discussing analogous studies
with gemini dicarboxylate surfactants bearing odd carbon
linkers.

Aqueous LLCs of Neat Gemini Dicarboxylates with
Even Carbon Linkers. Using synchrotron SAXS, we probed
the LLC phase behaviors of pure TMA-74 and TMA-76 over
the headgroup hydration range w, = 1.5—38 with T = 22 and
100 °C (Figure 1). SAXS analyses reveal that hydrating TMA-

TMA-74, 25 °C

=
o

(10)

TMA-74,25 °C
H, w,=10

o

)
3

o
o

Log Intensity (a.u.)

TMA-76, 25 °C
G+ H, w,=10

T T T T T T
01 02 03 04 05 06 07
q (A7)

Figure 1. Azimuthally integrated 1D-SAXS intensity I(q) versus
scattering wavevector g profiles for TMA-74 and TMA-76, indicating
the formation of a Gy phase, a H; phase, and coexisting G; and H;
phases (markers correspond to the (220), (420), (332), (510), and
(440) reflections of the G; mesophase).

74 with water in the range wy, = 3—7 at 22 °C results in the
formation of stiff, optically nonbirefringent LLCs that exhibit
SAXS peaks located at scattering wavevector ratios (q/q*)* =
6, 8, 14, 16, 20, 22, etc., consistent with the Ia3(—)d space
group symmetry of the double gyroid (G) network phase. At
wo = S, the value of Ig*| = 0.0965 A™" corresponds to a gyroid
cubic unit cell parameter a = 6.51 nm. The observation of 15
resolution-limited SAXS peaks implies the formation of a well-
ordered supramolecular assembly with large grain sizes over
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the entire temperature range. Increasing the water content in
these LLCs to 8 < w, < 33 drives formation of qualitatively
softer, optically birefringent mesophases with SAXS peaks
located at (q/q*)* =1, 3, 4, 7, 9, etc., at temperatures up to 100
°C (Figure 1). These peak positions correspond to a 2D-
hexagonally packed cylinders (H) morphology with p6mm
symmetry. For the H phase formed at w, = 10, the Ig*| = 0.213
A™! corresponds to an intercylinder center-to-center distance
of 3.41 nm. When w, > 34, TMA-74/water mixtures form fluid
solutions with broad SAXS signatures indicative of concen-
trated micellar solutions (Iso) that lack translational order. As
a result of the phase progression of G - H — Iso with
increasing water content, we assign these phases as normal or
Type I LLCs in which the interfaces curve toward the
hydrophobic domains. The LLC phase behavior of TMA-74 is
summarized in Figure 2A. This phase map concurs with that of
Sorenson et al, including the vertical phase boundaries
indicative of nearly temperature-invariant phase behavior of
these self-assembled surfactant LLCs. Although Gibbs’ phase
rule predicts regions of two-phase coexistence between the
pure phases in this binary phase diagram, no such windows are
observed. We ascribe this last observation to the experimental
resolution of our phase map, in which Aw, = 2 and AT = 20
°C.

Increasing the surfactant linker length by two methylene
units as in TMA-76 yields a qualitatively similar sequence of
Type I LLCs, with a few key differences. At low hydrations w,
1.5—2, we observe pronounced wide-angle X-ray peaks
indicative of the crystalline surfactant lamellae (L4) superposed
on a single, broad, and intense scattering feature. Heating this
sample to 60 °C drives thermoreversible melting of the Ly
phase and formation of a LLC lamellar (L,) phase that coexists
with a broad scattering feature (see Figure S1). At w, = 3,
TMA-76 forms a homogeneous viscous dispersion that exhibits
the same single broad, high-intensity scattering peak (g* =
0.2597 A7'). Polarized light microscopy (PLM) analysis
reveals that this sample is optically nonbirefringent. These
properties are consistent with the formation of a sponge (L)
phase, comprising randomly oriented bilayers that form two
interpenetrating labyrinths with no long-range translational
order, i.e. a disorganized lyotropic network phase. Application
of shear to samples sandwiched between glass slides does not
trigger any observable shear-induced phase transitions to
optically birefringent phases; however, Porcar et al.>” have
noted that shear-induced Ly — L, transitions in ionic
surfactant LLCs require high shear rates (Iyl > S s7').
Increasing the LLC phase water content to w, = 4—9 enables
formation of a G phase that melts into a L; phase above T =
60—80 °C, depending on the exact composition. LLCs at
hydrations w, = 12—36 yield H; phases with SAXS-based
evidence for an intervening and expected G;/H; two-phase
coexistence window at w, = 10 (Figure 1). Further addition of
water induces a lyotropic order-to-disorder transition to a
concentrated micellar solution (Iso) at a critical w, = 38. This
phase information is summarized in the temperature versus
composition diagram shown in Figure 2B.

Oil-Swollen Gemini Dicarboxylate LLCs with Even-
Carbon Linkers. Having established the aqueous LLC phase
behaviors of TMA-74 and TMA-76, we sought to understand
the impact of n-decane addition on LLC network phase
stability. Samples were prepared by first combining n-decane
with the dried surfactant powder at a specific mass fraction,
followed by three cycles of high-speed centrifugation and
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Figure 2. Temperature versus surfactant hydration number (w,) aqueous LLC phase diagrams for (A) TMA-74 and (B) TMA-76 gemini
surfactants, highlighting the influence of hydrocarbon linker length on the stabilities of the observed G; and H; LLC phases.

hand-mixing. This surfactant/oil mixture was then hydrated
using ultrapure H,O to achieve the targeted water content or
wo-value, followed by a second set of three cycles of
centrifugation and hand-mixing to form optically homoge-
neous LLC samples. These oil-laden LLC phases were then
heated to 50 °C for 30 min and allowed to slowly cool to room
temperature, followed by resting for 24 h prior to
morphological analyses. Heating these samples was crucial to
obtaining reproducible results and to maximizing oil loading.
All reported phase behavior was determined during the first
heating cycle for these samples, unless otherwise noted. To
distinguish these samples from the pure TMA-74 or TMA-76,
we use the designation TMA-7x_y where x =4 or 6 and y = 10
or 40 refers to the weight fraction of n-decane (wt %) relative
to the surfactant mass. In all systems, we found that addition of
excess water to these surfactant/oil mixtures yields fluid
isotropic, micellar solutions (Iso). Thus, we conclude that all
of the observed phases are normal (Type I) morphologies.
Addition of 10 wt % n-decane to TMA-74 as in TMA-74 10
substantially alters the observed LLC phase behavior. While
maintaining their thermal stability from T = 22—100 °C, the G;
and H; phase window widths shrink to w, = 3—S and w, = 6—
16, respectively. In contrast to pure TMA-74, increasing w, in
TMA-74_10 beyond the H; phase range leads to a series of
complex scattering patterns with relatively broad SAXS peaks
(Figure 3).

In a previous report, we demonstrated that n-decane swelling
of single-tail surfactant tetramethylammonium decanoate
(TMA-Dec) aqueous LLCs led to the formation of high-
curvature micellar C14 and C15 Laves phases (P6;/mmc and
Fd3(—)m space group symmetries, respectively) with large unit
cells.”” On the basis of SAXS patterns reported in that work,
we found that TMA-74 10 LLCs formed in the range 18 < w,
< 22 exhibit two-phase coexistence between H; and a poorly
ordered C1S Laves phase (Figure 3). The breadths of the
poorly defined SAXS maxima corresponding to the C15 Laves
phases likely stem from its poor translational order. This face-
centered cubic C1S phase is a micellar mimic of the MgCu,
intermetallic structure with 24 particles per unit cell and two
different classes of oil-swollen micelles situated in an aqueous
matrix, which is schematically depicted in Figure 4A. While the
C15 phase is well-known in Type II LLCs®' and is often
adjacent to inverse hexagonal (Hy;) assemblies in phase space,
Type I C1S phases are rare and have only been observed in
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TMA-74_10, 40 °C

¢ C15+H,w,=22
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TMA-74_10, 80 °C
C14 +C15, w, =28

(002)

Log Intensity (a.u.)

TMA-74_10, 60 °C
v HCP +BCC, w, =32

-+ v
v vy
I T [ I
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Figure 3. 1D-SAXS intensity I(q) versus scattering wavevector g
profiles for TMA-74_10, indicating C1S + H; coexistence (markers
show the (10), (11), and (20) peaks of H;), C14 + C15 coexistence
(markers point to the (100), (101), (103), (213), and (205) peaks of
the C14), HCP, and HCP + BCC coexistence (markers indicate the
(110), (200), (211), (220), and (310) reflections for BCC).

B.C14

Figure 4. Idealized LLC structures for micellar (A) face-centered
cubic, C15 Laves phase (MgCu, intermetallic structure type), and (B)
the hexagonal C14 Laves phase (MgZn, structure).

ternaryéo or quaternary systems.62 Hydration of TMA-74_10
to wy = 24—30 results in complex scattering patterns which we
assign as two-phase coexistence between the C15 and Cl4
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Laves phases (Figure 3), on the basis of our earlier report.*’
The C14 phase, which mirrors the structure of intermetallic
alloy MgZn,, comprises a tetrahedral close packing of 12 oil-
laden micelles per unit cell of three crystallographically distinct
classes with discrete sizes (Figure 4B). Although the C14 Laves
phase is of the same crystallographic space group symmetry as
hexagonally close-packed spheres (HCP), the larger unit cell
dimensions coupled with the unique SAXS peak intensity
pattern concur with recent reports of C14 phases in both
diblock polymers® and LLCs.”” We note that the samples
exhibiting C14/C1S$ coexistence thermoreversibly transition to
C15 + Iso between 80 and 100 °C, suggesting lower stability
for the C14 phase at this particular composition. At w, = 32,
the TMA-74 10 LLCs are soft, optically nonbirefringent solids
with sharp SAXS peaks (Ig*| = 0.124 A™") that correspond to a
hexagonally close-packed (HCP) spheres morphology with
unit cell dimensions a = 5.11 nm and ¢ = 8.29 nm at 25 °C,
such that ¢/a = 1.622 is nearly ideal (Figure 3). Heating this
sample leads to coexisting HCP and body-centered cubic
(BCC) sphere packings at 60 °C, which ultimately melt into a
fluid isotropic state at T > 80 °C in a manner similar to that
reported recently by Jayaraman and Mahanthappa in
alkylmalonate single-tail surfactants.* The LLC phase
behavior of TMA-74_10 is summarized in Figure 5. While
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Figure 5. Temperature versus surfactant hydration w, aqueous LLC
phase diagram for TMA-74_10 highlighting the influence of n-decane
on the stabilities of the observed Gy, Hj, and micellar LLC phases.

the variety of lyotropic sphere packings in this system may
initially seem surprising, our results are entirely consistent with
our earlier study of TMA-Dec loaded with 40 wt % n-decane®
and related work by Kunieda et al.’” on two-carbon linked
gemini dicarboxylate amphiphiles. The physical origins of these
phenomena are considered in the Discussion section (vide
infra).

Swelling TMA-74 aqueous LLCs with 40 wt % n-decane
relative to surfactant leads to an even greater diversity of pure
LLC phases, with no signs of oil macrophase separation. TMA-
74_40 samples hydrated to wy, = 3—5 exhibit SAXS patterns
with peaks located at (q/q*)* = 2, 3, 4, etc., consistent with a
cubic, double diamond (D) network phase of four-fold
connectors embedded in an aqueous matrix with Pn3(—)m
symmetry (Figure 6A). The Ig*| = 0.1295 A™" implies a normal
D; unit cell size of 4.86 nm. While inverse double diamond
(Dy) phases are well-known in monoacylglycerols and other
surfactants, the D; phase is relatively rare and this finding
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constitutes only the second report of such a phase.”” Upon
increasing the temperature T > 80 °C in this w, range, we
observe coexisting Dy and G; network LLC phases (Figure 6B).
From wy, = 6—16, TMA-74_40 self-assembles into optically
birefringent H; LLCs that remain thermally stable to 100 °C.
At the slightly higher hydration of wy = 18—20, the as-prepared
sample forms coexisting H; + C1S phases that heat into a stiff,
nonbirefringent material at 100 °C with at least 12 scattering
peaks with (q/q*)* = 3, 8, 11, 12, ... of a pure C15 Laves phase
(a = 12.54 nm; Figure 6A). While we observe C14/C1S phase
coexistence in the range w, = 22—26, heating these samples
leads to either a pure C1S5 phase or C15 + Iso, again suggesting
that the C14 phase is slightly less stable than the C15 phase.
Micellar HCP packings are again observed at the relatively high
hydrations w, = 28—38, with composition-dependent thermal
stabilities. Heating the initially formed HCP sample at w, = 28
formed by TMA-74_40 leads to HCP/C1S$ coexistence at 40
°C (Figure 6B) and a new HCP/C15/C14 three-phase
coexistence at 60 °C (Figure 6B). While such phase
coexistence is uncommon, it is allowed by Gibbs’ phase rule
for this three-component microemulsion system. Further
heating of this sample to 80 °C leads to C14/C1S coexistence
followed by an order—disorder transition (ODT) at 100 °C
(Figure S2). Upon slow cooling to room temperature, we
obtain an stiff, optically nonbirefringent LLC phase with
approximately 30 scattering peaks (a = 9.28 nm; ¢/a = 1.633)
corresponding to the distinctive scattering signature associated
with a pure C14 Laves LLC phase (Figure 7; see Figure S3 for
a fully indexed SAXS pattern and Table S1 for a list of SAXS
peak positions and residuals). This result constitutes only the
second report of this complex micellar LLC morphology.*’
The fact that we do not observe a pure C14 phase upon SAXS
analysis of the as-made sample, coupled with the sequence of
order-to-order transitions between various spherical micelle
packings, suggests that the free energy differences between
these phases are small. Consequently, the observed LLC
morphology depends sensitively on the kinetics of phase
nucleation and growth that are controlled by thermal
processing conditions per recent reports.””®* At the highest
water content, w, = 40—42, self-assembly into soft, non-
birefringent LLCs consistent with body-centered cubic (BCC)
spheres (q/q*)2 =2, 4, 6, etc.; Figure 6A) is observed. The Ig*|
= 0.1060 value for this micellar ensemble indicates a unit cell
of 595 nm. This material transforms into fluid isotropic
micelles at T > 60 °C. The phase behavior of TMA-74 40 is
summarized in Figure 8A. We note that the aqueous LLC
phase behaviors of TMA-74_20 and TMA-74_30 at 25 °C (20
and 30 wt % n-decane relative to surfactant, respectively) will
be discussed later in the context of an isothermal ternary phase
portrait.

TMA-76_40 LLCs comprising 40 wt % n-decane (Figure
8B) relative to TMA-76 display qualitatively similar phase
behavior changes as compared to TMA-74_40 and TMA-74.
At low hydrations, we observe Ly and D; phase coexistence in
TMA-76 40 (w, < 2) and L, sponge phase formation when w,
= 2—3. Upon increasing LLC hydration across the range w, =
4—38, the D; and G; network phases remain thermally stable up
to 60 °C. H; LLCs form over a wide phase window spanning
wy = 10—22, which give way to the phase sequence H;/C15/
Cl4 —» Cl14 — C14/C15/HCP — Cl14 + C1S — HCP —
BCC — Iso over the range w, = 24—44 at 22 °C (see Figure
8B). Different from the case of TMA-74 40 at w, = 28, a pure
C14 phase is observed to form in the as-prepared sample at w,
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Figure 7. Azimuthally integrated 1D-SAXS intensity I(q) versus
scattering wavevector q profiles for TMA-73_40, TMA-74_40, and
TMA-76_40, highlighting the large number of peaks, which
characterize the exceptionally well-ordered C14 Laves phases
stabilized in each of these n-decane swollen aqueous LLC phases.

= 28 prior to any thermal annealing. However, we note that
heating above the ODT temperature Topr = 60 °C and slow
cooling from the disordered micellar “melt” results in the very
well-defined pattern with at least 32 SAXS maxima presented
in Figure 7.

Pure Gemini Dicarboxylates with Odd-Carbon Link-
ers. We next used synchrotron SAXS to probe the LLC phase
behaviors of neat TMA-73 and TMA-75 surfactants (no oil)
with headgroup hydrations wy, = 2—44 between T = 22—100
°C. For TMA-73 surfactants, G; phases form when 4 < w, <
13 with composition-dependent thermal stabilities. For the
LLC assembly formed with w, = 13, heating above 80 °C leads
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to an order—order transition from Gy to H;. A large H; phase
window is observed between w, = 16—30. These samples
exhibit Topy > 60 °C, the ODT temperature of which depends
on the surfactant composition. Hydrating this binary mixture
above wy = 32 yields fluid isotropic micellar solutions. This
morphological behavior is compiled in the phase diagram given
in Figure 9A. When the odd-carbon linker is extended to
contain five methylene units (—(CH,);—), as in TMA-7S5, we
do not document significant changes in the LLC phase
behavior as compared to TMA-73 (Figure 9B). The
—(CH,)s— linker apparently leads to lower surfactant
crystallinity than TMA-73, which drives G; + L; phase
coexistence at headgroup hydrations as low as w, = 2. As water
content is increased to w, = 4—14, the G; LLC network is
stabilized up to T = 100 °C, except at w, = 14, where we
observe a transition to a Hj phase above 40 °C. This H; phase
window extends up to w, = 46, with decreasing thermal
stability as w, increases.

Oil-Swollen Gemini Dicarboxylate LLCs with Odd-
Carbon Linkers. Having assessed the binary LLC phase
behaviors of TMA-73 and TMA-7S5, we turn our attention now
to their ternary phase behaviors upon n-decane addition.
Addition of 10 wt % n-decane to TMA-73, as in TMA-73_10,
only marginally alters the G; and H; phase stabilities as
summarized in the phase diagram given in Figure 10. More
specifically, the G; phase window shifts to lower w, = 2—10
with no perceptible change in the window width at the
resolution of our phase map (Aw, = 2). The H; phase window
spans wy = 12—24 at 22 °C. At w, = 24, we observe an order—
order phase transition from H; to H;/C1S$ coexistence near 80
°C, followed by melting into a micellar fluid at 100 °C.
Hydration to wy, = 26 yields H;/C14/C1S three-phase
coexistence, which transforms into C14/C1S5 micellar phase
coexistence at 80 °C. We observe a pure C14 phase at w, = 30
in the as-made LLC sample (Figure S4), which is thermally
stable up to 60 °C. Micellar HCP packings are formed at
ambient temperature at the higher hydrations of w, = 32—34,
and these phases undergo order—order transitions to BCC
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Figure 8. Temperature versus surfactant hydration w, aqueous LLC phase diagrams with 40 wt % n-decane added on heating for (A) TMA-74_40
and (B) TMA-76_40 gemini surfactants highlighting the influence of hydrocarbon linker length on the stabilities of the observed network, H;, and

micellar LLCs.
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Figure 9. Temperature versus surfactant hydration w, aqueous LLC phase diagrams for (A) TMA-73 and (B) TMA-7S gemini surfactants
highlighting the influence of hydrocarbon linker length on the stabilities of the observed G; and H; LLCs.
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phases at T &~ 60 °C that give way to fluid isotropic (Iso)
micellar solutions at T > 60 °C.

Increasing the n-decane loading to 40 wt % in TMA-73_40
does not substantially change the phase diagram (Figure 11A)
as compared to TMA-73_10 (Figure 10), with two significant
exceptions. The network phase window remarkably retains its
width, yet it bifurcates into pure D; (w, = 2—6) and G; (w, =
8—10) phases. While the H; phase window remains largely
unchanged in the headgroup hydration range 12 < wy < 24, we
note that this phase is only birefringent in the range w, = 12—
20. When the surfactant headgroup hydration number w,
22—24, SAXS analyses of the LLCs yields patterns that appear
to have p6mm symmetry with peaks located at (q/q*)* = 1, 3,
4, 7, and 9. However, these samples are optically non-
birefringent and their physical textures are notably softer than
the birefringent H; phase. The lack of optical birefringence
suggests one of two possibilities: (1) that the phase is refractive
index contrast-matched such that no birefringence is recorded
or (2) that this phase is a new packing of spherical micelles
that exhibits no detectable birefringence. Given that the former
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Figure 11. Temperature versus surfactant hydration w, aqueous LLC phase diagrams for (A) TMA-73_40 and (B) TMA-75_40 gemini surfactants
highlighting the influence of hydrocarbon linker length on the stabilities of the observed network, Hj, and micellar LLCs.

notion is likely not true, the symmetry deduced from the SAXS
data suggests the packing of spherical micelles into a simple
hexagonal phase that we designate Hg. Note that a similar Hg
phase with Pémmm symmetry was recently reported by Zhang
et al. in self-assembling poly(styrene-block-poly(4,1- 1soprene)

block-styrene-block-ethylene oxide) tetrablock terpolymers.”®
At higher hydrations of w, > 26, we observe other discrete
micellar LLCs as either coexisting or pure phases. Note that
both TMA-73_10 and TMA-73_40 form pure C14 phases at
woy = 28 (Figures S4 and 7, respectively), and they both form
HCP at wy = 32—34. BCC LLCs are formed at the highest
water contents of w, = 36—38, above which we observe a
lyotropic order—disorder transition to isotropic micellar
solutions.

While the addition of oil apparently fosters formation of
micellar morphologies in the systems discussed thus far, TMA-
75_40 surprisingly shows no such morphologies upon the
addition of 40 wt % n-decane (Figure 11B). However, oil
addition again triggers bifurcation of the network phase
window located between 2 < w, < 14 into regions of pure D
and G; phases. At w, = 14, we observe coexistence of lyotropic
G; and the 3D-hexagonal network H;'*® phases with space
group symmetry P6s/mcm (see Figure SS for indexed SAXS
pattern).’® This coexistence is well-precedented in other
systems and is expected, since the theoretically anticipated
mean curvature of the H;'** phase is between that of G; and H;
morphologies as previously noted.””**°® Heating this sample
to 40 °C leads to G;/H; coexistence, which transforms to pure
H; at 60 °C, and it finally disorders at 100 °C. This phase
sequence on heating is reminiscent of that previously
documented for the disodium gemini dicarboxylate Na-94,
derived from dimerization of dodecanoic acid with a
—(CH,),— linker.”® At the highest hydrations (w, = 16—40),
TMA-75_40 forms hexagonally-packed cylinders. Only freely
flowing micellar solutions are observed for w, > 40 with the
notable absence of any ordered spherical micelle packings.

In order to facilitate visualization and comparisons of the
phase behaviors of n-decane swollen TMA-74 and TMA-73,
we recast the morphology data for the as-made samples at 22
°C (presented in Figures 24, 5, and 8A, and 94, 10, and 114,
respectively) as ternary phase diagrams per the convention in
the surfactant/oil/water microemulsion literature. Note that
we have included the results of phase mapping studies for n-
decane loadings of 20 and 30 wt % relative to surfactant mass
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for each of these amphiphiles at 22 °C, in order to clarify how
the phase windows evolve upon oil addition. Since the axes of
these ternary phase diagrams are net weight fractions, a
constant n-decane loading relative to surfactant mass
corresponds to a systematically varied n-decane content as a
function of water weight fraction. In other words, each data
series derived from a single n-decane loading level is not an
isopleth. The ternary phase diagram for TMA-74 reveals that
its phase behavior is altered by the addition of n-decane
(Figure 12A). While addition of <20 wt % oil to TMA-74
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Figure 12. Ternary LLC phase diagrams of surfactant:water:n-decane
at 22 °C for (A) TMA-74 and (B) TMA-73 gemini surfactants
highlighting the effect of hydrocarbon linker length on the stabilities
of the observed network, Hj, and micellar LLCs. The dashed line
demarcates the limit where these microemulsion systems undergo
visible n-decane macrophase separation.

https://dx.doi.org/10.1021/acs.langmuir.9b03408
Langmuir 2020, 36, 2307-2321


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03408/suppl_file/la9b03408_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03408/suppl_file/la9b03408_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03408?fig=fig12&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.9b03408?ref=pdf

Langmuir

pubs.acs.org/Langmuir

LLCs does not appreciably diminish the width of the network
phase window including D, G, and D;/G; phase coexistence
(range of w, values spanning Aw, = 3; see Figure S6), the
addition of >20 wt % n-decane relative to the surfactant mass
triggers complete transformation of the Gj phases into Dy
phases. At higher headgroup hydrations, as little as 10 wt % n-
decane loading drives the formation of a plethora of micellar
packings, some of which become more well-ordered at high oil
loadings as in the case of the C14 phases (Figure 7).

On the other hand, the phase behavior of TMA-73 is less
strongly perturbed by the addition of n-decane (Figure 12B).
For example, pure G; phases form at low water contents with
n-decane loadings as high as 20 wt %. Beyond this oil loading,
this G; phase window bifurcates into D; and G; phase windows.
However, the overall width of the LLC network phase window
remains wide (Aw, = 9; see Figure S6) with only a marginal
decrease relative to the binary TMA-73/H,O LLC system.
Similarly, the TMA-73 H; phase is more tolerant to oil
addition and a relatively narrow window of spherical micelle
packings is observed at high hydration, as compared to TMA-
74. In spite of these differences in the phase behaviors of
TMA-74 and TMA-73 aqueous LLCs loaded with n-decane,
we note that both surfactants accommodate up to 35 wt % n-
decane in total prior to the onset of oil macrophase separation.
Consistent with this observation, Jennings et al.>® observed
that LLCs of the related surfactant TMA-83u are able to
incorporate up to 37 wt % of the hydrophobic HDDMA
monomer. A remarkable feature of the four gemini surfactants
used in this study is that the Nj phase stability exhibited in the
binary TMA-7x/H,0 system is reflected in their ternary, oil-
loaded LLC mesophases. More quantitatively, the network
window hydration range Aw for the binary LLCs decreases in
the order:

TMA-75 (Aw, = 13) > TMA-73 (Aw, = 10)
> TMA-74 (Aw, = 5) = TMA-76 (Aw, = S)

This ordering is reminiscent of an earlier report by Perroni
et al,,> in which a similar trend was demonstrated for Na-7x
and K-7x (x = 3, 4, and S) gemini didecanoate surfactants
bearing either Na" or K counterions in the absence of oil. Oil
loading of the amphiphile LLCs with TMA counterions
preserves this linker length parity trend (“odd/even effect”),
with only modest decreases in the network window widths
upon addition of 10 or 40 wt % n-decane.

Incorporation of n-decane into TMA-73 and TMA-74 LLC
phases also impacts the preferred domain spacings (d) of their
self-assembled morphologies. Figure 13 depicts the observed
domain spacings for the D;, G, and H; phases of TMA-73 and
TMA-74 deduced from SAXS analyses at various weight
percent oil loadings. In the case of the H; and G; phases, we
find that the observed LLC d-spacings increase with water
content (w,) in both the neat surfactant LLCs and upon oil
swelling. This effect probably stems from the lateral expansion
of the hydrophilic domains due to increased water volume
fraction.

The addition of hydrocarbon oil dilates the observed G; and
H; phase d-spacings by ~11% relative to the binary TMA-7x (x
= 3 or 4) aqueous LLCs; somewhat surprisingly, the unit cell
parameters apparently do not change appreciably on increasing
the oil loading level from 10 to 40 wt % relative to the
surfactant mass. However, the d-spacings for the D; phase
apparently decrease by ~10% with increasing LLC water
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Figure 13. Domain spacing versus w, for TMA-74 and TMA-73
surfactants, demonstrating the effect of different n-decane loadings
(relative to surfactant weight) on the D, G;, and H; LLC unit cell
dimensions at fixed water contents.

content and their absolute values appear to be invariant with
oil loading level at similar hydrations. X-ray analyses of these
D; phases indicate that the SAXS peak intensities change
appreciably with water content, suggesting that the cables of
the double diamond phase thin upon increased hydration in a
manner consistent with an increased interfacial per surfactant
on water addition at low hydrations.

B DISCUSSION

While the aqueous LLC phase behaviors of ionic single-tail
amphiphiles are readily rationalized in terms of the relative
volumes filled by the hydrated counterion—headgroup pair and
the hydrophobic tail due to the average axial symmetry of these
molecules along the tail end-to-headgroup vector, the self-
assembly behavior of gemini didecanoate amphiphiles is much
more complex. Recent molecular dynamics (MD) simulations
by Mondal et al.%” indicate that the phase behaviors of these
architecturally complex dicarboxylate surfactants stem from
their unique conformational preferences on hydration that
induce their frustrated interfacial packings. For gemini
dicarboxylates M-74 (M = Na*, K, or TMA*), MD
simulations reveal that amphiphile hydration enforces
restricted conformations that minimize water-hydrophobe
contacts while maximizing ionic counterion-headgroup sol-
vation. Figure 14A schematically depicts the splayed tail

A. . B. O
" '@ “/v
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even-carbon linker odd-carbon linker

Figure 14. Pseudo-Newman projections of TMA-7x surfactant
conformations along the linker axis demonstrating differences in the
relative headgroup orientations and degrees of tail splay specified by
(A) even and (B) odd linkers, which impact the relative levels of
counterion dissociation.
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molecular conformation of a hydrated M-74 amphiphile in a G,
LLC, wherein an average interheadgroup dihedral angle (8) ~
55—60° mitigates intermolecular Coulombic repulsions
between the headgroups by increasing the distance between
them. Since supramolecular packing of this anisotropic
surfactant conformation into zero curvature L, phases incurs
energetically costly contacts between water and the splayed
hydrophobic tails upon counterion dissociation at modest
hydrations (w,), the unstable L, bilayers wrinkle to shield the
tails from unfavorable water contacts. Consequently, G; phases
with negative Gaussian (“saddle splay”) curvature form over
wide temperature and LLC composition (up to 20 wt % wide)
windows. On this basis, the high degree of tetramethylammo-
nium carboxylate ion pair dissociation in TMA-74 even at low
hydrations explains the complete destabilization of the L,
phase in favor of the G; morphology at low w,. Thus, this
model serves to explain why TMA-74 and TMA-76 do not
form L, phases in favor of G; phases with modest widths,
which give way to Hj phases at higher hydrations.

Detailed MD simulations by Mantha et al.®® addressed the
origins of the experimental observations by Perroni et al. that
odd-carbon linkers even further stabilize Na-73 and Na-75 G;
phases. Atomistic MD studies demonstrate that these hydrated
surfactants exhibit different conformational preferences as
compared to their Na-74 and Na-76 homologues with even
carbon linkers: the splay angles between the headgroups are
much smaller (<15°; see Figure 14B) and are nearly invariant
with headgroup hydration w, for the odd-carbon linked
amphiphiles due to preferred linker conformations. Con-
sequently, proximity of adjacent headgroups disallows the high
degrees of counterion dissociation observed in even-carbon
linked surfactants. Thus, interfacial localization of the TMA"*
counterions stabilizes relatively low mean curvature G; phases
and restricts H; phase formation to smaller hydration windows.
In other words, the wide G; phase windows of gemini
didecanoates generally derive from destabilization of the
adjacent L, and H; phases. Mantha et al.°® noted that different
degrees of counterion-headgroup dissociation may impact the
electrostatic energy balance between the observed phases, such
that more dissociated counterions such as TMA* may
completely destabilize the L, phase at low hydrations while
enabling H; formation only at high w, as experimentally
observed in TMA-73 and TMA-75 LLCs (Figure 9).

The self-assembly of n-decane/H,0/TMA-7x (x = 3, 4, S,
and 6) ternary LLC mesophases mirrors this dichotomous
phase behavior, such that odd-carbon linked surfactants
stabilize network LLC phases (G; and D;) while even-carbon
linked surfactants adopt higher mean interfacial curvature
phases (e.g., micelle packings) at the expense of reduced G
and H; phase stabilities. The formation of micellar LLCs in oil-
loaded TMA-74 and TMA-76 may be understood by
considering the impact of adding a pure hydrocarbon oil,
which segregates strongly toward the hydrophobic domain
centers. Oil segregation to the core of a cylindrical micelle in a
Hj phase reduces the interfacial curvature of the aggregate,
resulting in reduced surfactant intermolecular distances that
incur additional Coulombic repulsions between the surfactant
headgroups. One means of relieving this electrostatic strain and
maintaining the same interfacial area per surfactant as prior to
oil addition is for the cylindrical micelles to pinch off and form
oil-swollen spherical micelles (Figure 15). Kunieda and co-
workers have demonstrated exactly this effect in both nonionic
and ionic surfactant aqueous LLCs.””*” In oil-swollen TMA-73
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Figure 15. Schematic depiction of the impact of oil swelling of the
hydrophobic domains of a H; morphology, illustrating how
preservation of the wy-dictated interfacial area per surfactant (ag in
purple) upon n-decane addition requires the cylindrical micelles to
pinch off to form spherical, oil-loaded micelles

and TMA-75 LLCs, the highly correlated counterion
distributions lead to reduced interfacial bending rigidity so
that these supramolecular assemblies shelter large amounts of
oil within their hydrophobic domains without appreciably
changing the headgroup hydration range (Aw,) over which G,
and Hj phases form. The physical phenomena underlying the
formation of spherical micelle packings by oil-loaded TMA-73
and the absence of such behavior in TMA-75 are currently
unknown and are the subject of ongoing investigations.

While prior work on ionic gemini surfactant LLC self-
assembly has suggested that the only network phases that form
are G; and H;'** phases built from 3-fold connectors,” all of
the aqueous TMA-7x LLCs form Dj phases upon swelling with
n-decane. A distinguishing characteristic of LLC network
phases is that the interfaces of their multivalent connectors
exhibit deviations from a constant mean curvature, including
regions of zero mean curvature and negative Gaussian
curvature. These interfacial curvature variations imply differ-
ential headgroup-counterion solvation or differences in tail
packing at different points along the domain interfaces, both of
which are energetically costly. Thus, network phase selection
has previously been rationalized in terms of the minimizing
deviations from a constant mean interfacial curvature.
Calculations by Matsen and Bates™ for generic G and D
surfaces, and more recent geometric calculations by Chen and
Jin”® on normal network LLCs, suggest that the relative G; and
D; phase stabilities specifically depend on the hydrophobic
volume fraction. More explicitly, the phase that minimizes
deviations from a constant mean curvature varies with the
hydrophobic volume fraction, such that the D; phase is
thermodynamically more stable at higher hydrophobic volume
fractions than the G; phase. Thus, addition of a critical amount
of n-decane to a G; LLC increases the net hydrophobic volume
fraction of the assembly enough to drive D; phase formation.
For example, a TMA-73 G; phase at w, = 6 exhibits a
hydrophobic volume fraction of 71 vol %, whereas TMA-
73 40 at the same w, = 6 forms a D; phase with net
hydrophobic volume fraction 77.4 vol % (assuming equal mass
densities of 1 g/cm® for the hydrocarbon and aqueous
domains). However, further addition of water to these oil-
swollen D; phases formed at low wy-values increases the
hydrophilic volume fraction, thus stimulating a phase transition
to G structure.

Near the Iyotropic ODT for oil-swollen TMA-7x (x = 3, 4,
and 6) aqueous LLCs, we observe a series of spherical micelle
packings, including high symmetry body-centered cubic
(BCC) and hexagonally closest-packed (HCP) spheres, as
well low symmetry C14, C1S, and Hg phases. On decreasing
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hydration from the fluid isotropic micellar state at high w,, we
generally observe the isothermal phase transition sequence
BCC — HCP — Cl4 — Cl15 — H, sometimes with
intermediate windows of two-phase coexistence. This phase
sequence is similar to that of the single-tail surfactant analog
TMA-Dec_40, in which we first reported the formation of an
exceptionally well-ordered C14 Laves phase.”” By analogy to
the argument presented above for network phase selection, the
micellar sphere packing phase selection stems from mini-
mization in costly variations in the mean interfacial curvature
of the aggregates while maximizing intermicellar cohe-
sion.®”**""=73 "Upon dehydration of an isotropic micellar
solution, the first phase to form is BCC LLCs since the
configurational entropy loss upon crystallization is minimized
in this phase due to the symmetry equivalence of all lattice
sites.”* As w,, decreases further, the counterion clouds around
the micelles distort to conform to the Wigner—Seitz (W—S)
cells or Voronoi partition of the lattice. That is to say, the
electrostatic cohesion among the micelles is maximized by
localizing the counterions on planes that perpendicularly bisect
the vectors connecting adjacent lattice sites.”” However, this
polyhedral distortion of the micellar counterion clouds implies
energetically unfavorable, differential hydration of the
surfactant headgroup-counterion pairs. To minimize such
deviations (maximize the spherical character of the counterion
cloud), the micellar aggregates reconfigure in a manner that
increases the overall average coordination number ((CN)) of
each lattice site by redistribution of both oil and surfactant
chains. However, the increase in (CN) that maximizes the
average sphericity of the counterion clouds while also
maximizing electrostatic cohesion in the ensemble is
necessarily accompanied by a decrease in the global lattice
symmetry.72’73

The optimal lattices that maximize (CN) and micellar
cohesion are tetrahedrally close-packed Frank—Kasper (FK)
phases.”>”® The sphericity of a polyhedron may be quantified
using the isoperimetric quotient of Polya, defined as IQ =
362V?*/S?, where V and § are the respective polyhedron volume
and surface area; IQ = 1 for a perfect sphere. FK phase
selection in thermotropic liquid crystalline dendrons,””””
diblock polymers,*’>”¢ and LLCs®”**”"7>7° has been
rationalized in terms of the order of decreasing IQ subject to
the constraint of minimizing the average interfacial area per
surfactant, as in the diblock foam model of Grason and co-
workers.” The free energies that separate these various phases
are likely minute, and thus FK phase selection in the ternary
surfactant/oil/water studied here are likely governed by the
kinetics of phase nucleation and growth and may not
necessarily reflect the thermodynamically preferred equilibrium
morphology.”” One such example is the case of the C14 phase
scattering patterns provided in Figure 6, in which the LLC
formed by TMA 74 40 at w, = 28 initially exhibits a mixture
of HCP, C15, and C14 phases. This complex phase coexistence
is not unexpected given that the HCP and C14 LLCs exhibit
the same P6;/mmc space group symmetry, and the C14 and
C15 (Fd3(—)m symmetry) are structurally related by stacking
faults,** in a manner similar to the relationship between the
simpler HCP and face-centered cubic (FCC) sphere packings.
However, heating this sample above its thermotropic ODT and
slow cooling to room temperature enables the formation of a
pure C14 phase. As noted in recent reports of FK AlS, ¢, and
Laves C14 and C15 LLC phases, the formation of low-
symmetry ordered states typically occurs with exceptional long-
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range translation order indicated by the large number of
resolution-limited SAXS peaks.’”®*%*">7>7 On this basis, we
extracted the Fourier amplitudes associated with each SAXS
peak using a Le Bail refinement using the JANA2006
81 o . .
program® and used this information as an input for the
charge-flipping algorithm SUPERFLIP® to reconstruct the
electron density map in Figure 16 for the C14 phase formed by
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Figure 16. 3D electron density map (90% negative isosurface)
generated from the experimental C14 Laves LLC phase observed in
TMA-76_40 at a surfactant hydration w, = 28, indicating three
distinct classes of oil-laden micelles located at the 6k (blue), 4f (pink),
and 2a (gold) Wyckoff positions of the hexagonal unit cell.

D

TMA-76_40 at w, = 28 (see the Supporting Information for
details of this procedure). This electron density map
demonstrates faceting of the micelles, the interfaces of which
deviate from constant mean curvature, thus reflecting
variations in surfactant headgroup-counterion pair hydration
across the assembly.

B CONCLUSION

Studies of the aqueous lyotropic phase behaviors of ternary
mixtures of n-decane/H,0/TMA-7x gemini dicarboxylate
surfactants (x = 3, 4, S, and 6) with various n-decane loadings
reveal a sensitive dependence of the self-assembled morphol-
ogies on the surfactant linker length. Aqueous LLCs of TMA-
7x surfactants (x = 3 or 5) with odd-carbon linkers exhibit
wide normal gyroid (G;) and hexagonally-packed cylinders
(H,) phase windows, and the network (N;) phase window
width is remarkably well preserved in ternary compositions
comprising up to 30 wt % oil albeit with an oil-induced order—
order phase transition to a normal double diamond (D;) phase.
However, TMA-7x surfactants (x = 4 or 6) with even-carbon
linkers exhibit dichotomous phase behavior: oil addition
generally diminishes the composition window width over
which N phases form, and the addition of oil to the H; phases
results in the formation of low symmetry spherical micelle
packings. Specifically, exceptionally well-ordered and some-
what unusual C14 Laves phases form at high surfactant
hydrations, in addition to C15 Laves, HCP, and BCC sphere
packings. These phase behaviors stem from the specific
surfactant conformations that arise from maximization of
counterion-headgroup solvation while minimizing water-
hydrophobic contact upon hydration, which influence the
degree of counterion-headgroup electrostatic correlation and
thus the supramolecular packing of the surfactants into LLCs.
In the limit of high hydrations in these ternary surfactant/oil/
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water structured microemulsions, complex spherical micelle
phases appear as a consequence of a drive to minimize local,
molecular-level variations in surfactant headgroup-counterion
solvation while maximizing global electrostatic cohesion across
the supramolecular assembly. These findings suggest that the
gemini dicarboxylate scaffold is robust platform that enables
the formation of a wide variety of both polycontinuous
network and structured droplet microemulsions, which may
find future applications in the development of nanoporous
molecular separations membranes and in therapeutic delivery
and food science.
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