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Abstract

The water-driven self-assembly of homologous dianionic surfactants into lyotropic liquid crystals
(LLGCs) is investigated, with a focus on understanding how surfactant headgroup and counterion
identities guide supramolecular spherical mesophase selection. Using temperature-dependent small-
angle X-ray scattering (SAXS), we demonstrate that 2-alkylmalonate surfactants (C,Mal-M,) with n = 8
(octyl) or 10 (decyl) and M = K*, Cs* or (CH,),N* form both simple and complex micelle packings.
Observed spherical morphologies include body-centered cubic (BCC), hexagonally closest-packed

(HCP), and tetrahedrally closest-packed Frank-Kasper (FK) A15 and ¢ phases (Pm3(-)n and P4,/mnm

symmetries, respectively). Previously observed in only one other minimally hydrated surfactant, the ¢
phase is a rare LLC morphology comprising a low symmetry unit cell containing 30 sub-2 nm
quasispherical micelles, each of which belongs to one of five symmetry-equivalent classes with discrete
aggregation numbers. Temperature versus water concentration phase maps for C,Mal-M, LLCs reveal
that ¢ phase formation depends sensitively on the size and polarizability of the surfactant counterion,
and the length of the surfactant alkyl tail. These observations are rationalized in terms of a delicate
interplay between global packing symmetry and local particle symmetry, and the extent to which

counterion-headgroup correlations enforce the latter structures in these LLC phases.



Introduction

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

The self-assembled structures formed by ionic surfactants depend sensitively on the structures of their
hydrophobic tails, the counterion-headgroup pair chemistries, and the extent of their hydration.'" ">
Highly dissociated surfactant counterions induce electrostatic repulsions between adjacent headgroups
situated at the hydrophobic/hydrophilic interface, leading to the formation of high curvature spherical
micelles.' On the other hand, counterion association with the interfacial headgroups mitigates such
electrostatic repulsions and enables formation of flatter curvature aggregates such as cylindrical
micelles, bilayers (lamellae) and vesicles.'” '* However, the hydrated headgroup arrangements must also
allow packing of the surfactant hydrocarbon tails at nearly constant density while minimizing their
unfavorable interactions with water.'* "> At low hydrations when the surfactant counterion and
headgroup are closely associated, the interfacial tension between the “salty” aqueous and hydrophobic
domains is high. Thus, the surfactant tails stretch away from the interface in a manner that leads to tight
intermolecular packings into low mean curvature aggregates. If instead the counterion and headgroup

are highly dissociated, then the interfacial tension between the hydrophobic and hydrophilic domains is

lower and highly curved spherical micelles form."”* Thus, judicious pairing of headgroup-counterion



chemistry with hydrocarbon tail structure offers opportunities for subtly tuning the preferred interfacial
curvatures of these supramolecular structures and their consequent properties.'

At low surfactant concentrations in water above the critical micelle concentration, dielectric screening
of interactions between micelles results in the absence of long-range intermicellar correlations.
Dehydrating these micellar dispersions beyond a critical concentration leads the counterion clouds
around the micelles to impinge and to induce cohesion, resulting in formation of lyotropic liquid crystals
(LLCs). LLCs are supramolecular assemblies that exhibit periodic nanoscale order, the morphologies of
which depend upon the concentration, temperature, and pressure at which they form.*'* Well-known
LLC morphologies include lamellae (L,), bicontinuous network phases (N), hexagonally-packed
cylinders (H), and spherical micelle packings (I). In a manner similar to the dilute solution phase
behavior of ionic amphiphiles, the self-assembled structures of LLCs primarily reflect the chemical
structure of the surfactant, the degree of its solvation, and temperature. LLCs are classified by the
curvature of their hydrophobic domains: Type I LLCs exhibit convex hydrophobic interfaces, whereas
the hydrophobic domains are concave in Type II structures.” The hydrophilic/hydrophobic domain
interfaces in these nanostructured assemblies are lined with the surfactant headgroups and their
counterions, which endow them with unique properties. H- and N-phase LLCs have found applications
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as water purification membranes, structured ion-conducting electrolytes,” * templates for
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mesoporous materials syntheses,” ™ and therapeutic delivery vehicles.

A recent review by Shearman et al. cataloged the bewildering array of LLC sphere packings observed

* micelles can self-

to date.” By analogy to colloidal hard sphere packings and metallic crystals,
assemble into high symmetry body-centered cubic (BCC), high packing fraction face-centered cubic
(FCC) and hexagonally closest-packed (HCP) LLC spheres phases. However, the deformability of soft
spheres also enables deviations from their preferred spherical particle symmetries, which facilitate their

packing into complex, low symmetry phases.”” * For example, Balmbra et al. first reported a Type I

cubic micellar LLC packing with Pm3(-)n symmetry.” Vargas et al. later elucidated the structure of this



complex Type I phase® as a tetrahedral close packing of two spherical and six platelet micelles into a
cubic unit cell, which mimics that of the Cr;Si intermetallic A15 structure.’® In Type I LLCs, A15, FCC,
BCC, and HCP sphere packings are well documented.” Pioneering work by Seddon and co-workers has
also established that certain natural lipids form Type II aqueous LLCs with Fd3(-)m symmetry.*"* The
latter structure has eight reverse micelles situated at the positions of a cubic diamond lattice, wherein the
remaining tetrahedral interstitial sites are filled with tetrahedral groupings of smaller reverse micelles.
This so-called C15 phase mimics the MgCu, intermetallic structure.”® We note that the Fd3(-)m
structure is ubiquitous in Type II LLCs, with only relatively recent reports of inverse FCC,"” HCP,* and
A15% phases. Notable common features of both of the A15 and C15 LLC sphere packings include the
formation of giant, low symmetry unit cells containing > 8 micelles of different and discrete volumes.
The aforementioned micellar LLC sphere packings belong to a broader class of tetrahedrally close
packed structures known as Frank-Kasper (FK) phases, which were first identified over 50 years ago in
metals and their alloys.** A defining feature of these complex, low symmetry phases is that their lattice
sites exhibit either 12-, 14-, 15- or 16-fold coordination.*” Thus, the aforementioned A15 and C15 LLCs
represent the first examples of FK phases observed in soft materials, and until recently, these were the
only FK LLC phases known. Over the last 15 years, FK phases have been observed in “amphiphilic”

systems in the absence of solvents, including thermotropic liquid crystals based on wedge-type
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dendrons,”™ in giant shape amphiphiles,” > and in linear diblock and multiblock polymers.’**’ Percec,

Ungar, and co-workers have elucidated the detailed structures of the FK phases formed by families of

wedge-type dendrons using electron microscopy and X-ray diffraction.®** These phases are recognized
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as periodic 3D approximants of quasicrystals. Quasicrystals exhibit local rotational symmetry, yet

7

they are devoid of long-range translational order.” By virtue of these structural relationships,
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dodecagonal QCs have been observed in these “amphiphilic” self-assembled materials, and in

micellar solutions of non-ionic diblock polymers.”



Kim et al. only very recently reported that hydration of bis(tetramethylammonium) decylphosphonate
(DPA-TMA,;) drives the formation of an exceptionally well-ordered and previously unknown Type I
FK ¢ LLC phase with P4,/mnm symmetry (Figure 1).” The lyotropic ¢ mesophase exhibits a large, low
symmetry unit cell containing 30 quasispherical micelles, which belong to five different symmetry-
equivalent classes each with discrete aggregation numbers. This unusual structure, which mimics that of
B-tantalum, S-uranium, and FessCrss alloys,”® represents the LLC analog of previously reported
thermotropic dendron and block polymer phases.”” ** The formation of FK ¢ phases in wedge-type
dendrons and block polymers and conceptually related Type II C15 LLCs has been argued to stem from
filling space with uniform density, while maximizing the spherical symmetry of the inverse micelles.”>™
In other words, these amphiphilic materials adopt structures that minimize differential molecular
stretching known as “packing frustration” or “lipid tail frustration” within the hydrocarbon matrix
phase.””” In Type II LLCs, it is known that the addition of hydrophobic additives can relieve packing
frustration and enable access to other phases.* However, such arguments do not apply to Type I LLCs,
in which the normal micelles surrounded by water make no van der Waals contacts. Kim ef al. instead
rationalized the formation of Type I FK A15 and ¢ phases as maximizing electrostatic cohesion
between the micelles, while minimizing variations in surfactant counterion-headgroup hydration.” Since

only one example of a FK LLC ¢ phase has been reported to date, amphiphile design criteria that

facilitate reliable access to these structurally complex packings are unknown.
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Figure 1. (A) Chemical structure of the dianionic
surfactant DPA-TMA,, which (B) forms
tetrahedrally close packed aqueous lyotropic
Frank-Kasper 6 and A15 mesophases. In the low
symmetry & phase unit cell that contains 30
particles, five discrete micelle sizes spontaneously
form to maximize electrostatic cohesion in the
LLC while minimizing variations in surfactant
hydration.

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

over the preferred LLC structures, although shorter alkyl surfactant tails also favor ¢ phase formation.

Thus, these studies provide new insights into amphiphile structures that stabilize FK ¢ phase LLCs.



Experimental Section

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

Molecular Characterization. '"H and C nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Avance III HD 400 MHz spectrometer with Smartprobe or an Bruker Avance III HD 500
MHz spectrometer with a TCI cryoprobe. All spectra were obtained in and were referenced relative to
the residual proton shift in CD,0D (6 3.31 ppm) or DMSO-d, (6 2.50 ppm). Carbon/Hydrogen/Nitrogen
(C/H/N) combustion elemental analyses were performed by Atlantic Microlab, Inc. (Norcross, GA,
USA).

Representative Synthesis of 2-Octylmalonic Acid (CgMal). This synthetic protocol was adapted
from that of Weber and Mahanthappa.”® A 500 mL 2-neck round bottom flask fitted with an addition
funnel and equipped with a stir bar was charged with iPr,NH (16.73 mL, 119.0 mmol) and THF (30 mL)
under a nitrogen atmosphere. This solution was cooled to -40 °C in an EtOH/H,0/CO,(s) bath and n-
BuLi (44.8 mL, 116 mmol) was added dropwise via addition funnel, whereupon the solution turned pale
yellow. After stirring this reaction mixture for 30 min, a solution of decanoic acid (9.998 g, 58.04
mmol) in THF (60 mL) was added dropwise via addition funnel. HMPA (10.0 mL, 57.5 mmol) was

subsequently added, and the stirred reaction mixture was warmed to 22 °C and stirred for 30 min. The



resulting enolate solution was again cooled to -40 °C and it was transferred batchwise via cannula to a
500 mL 2-neck round bottom flask containing excess CO,(s) (> 255 g, > 5.79 mol) under a nitrogen
atmosphere over 45 min. The reaction mixture was then allowed to warm slowly to 22 °C over 12 h,
leading to soft gel formation. This gelatinous reaction mixture was quenched by the addition of 2.0 M
HCI (60 mL), which yielded two distinct layers. The layers were separated and the aqueous (lower)
layer was washed with diethyl ether (3 x 50 mL). The combined organic layers were washed with 2.0 M
HCI (3 x 25 mL) followed by saturated NaCl (ag) (2 x 25 mL). The ether layer was then dried using
MgSO,(s) and concentrated under vacuum to yield a white solid. The crude product was purified by
recrystallization from heptane (100 mL), and the resulting crystals were azeotropically freeze-dried
from C,H, prior to further use. Yield: 8.29 g (66.0%) 'H NMR: (500 MHz, DMSO-d,, 22 °C) & (ppm):
12.61 (COOH, s, 2H), 3.17 (CH, ¢, 1H), 1.70 (CH-CH,-CH,, ¢, 2H), 1.24 (CH,, m, 12H), 0.86 (CH;-
CH,, t, 3H) "C NMR: (126 MHz, DMSO-d,, 22 °C) § (ppm): 171.35 (C=0), 52.05 (CH), 31.71 (CH,),
29.23 (CH,), 29.20 (CH,), 29.06 (CH,), 28.83 (CH,), 22.55 (CH,), 14.37 (CH,).

2-Decylmalonic Acid (C,,Mal). Synthesized from lauric acid and CO,(s) per the procedure for
CgMal. Yield: 9.63 g (78.9%) 'H NMR: (500 MHz, DMSO-dy, 22 °C) & (ppm): 12.61 (COOH, s, 2H),
3.18 (CH, t, 1H), 1.70 (CH-CH,-CH,, ¢, 2H), 1.24 (CH,, m, 16H), 0.86 (CH;, t, 3H) "C NMR: (126
MHz, DMSO-d;, 22 °C) o (ppm): 171.35 (C=0), 52.05 (CH), 31.77 (CH,), 29.45 (CH,), 29.42 (CH,),
29.29 (CH,), 29.21 (CH,), 29.19 (CH,), 28.84 (CH,), 27.27 (CH,), 22.57 (CH,), 14.38 (CH,).

Representative Synthesis of Tetramethylammonium 2-Octylmalonate (CiMal-TMA,). 2-
octylmalonic acid (1.00 g, 4.63 mmol) and (CH;),NOH(ag) (9.50 mL of 0.9912 M solution, 9.42 mmol)
were suspended in CH;OH at a concentration of 0.15 M and stirred for 12 h. The reaction mixture was
filtered through a fine glass frit, and the filtrate was concentrated in vacuo to furnish a quantitative yield
of a white solid. Hygroscopic solids thus obtained were freeze—dried three times from C,H,, and stored
in a glove box under an argon atmosphere to avoid adventitious atmospheric moisture uptake. 'H NMR

(400 MHz, CD,OD, 22 °C) & (ppm): 3.21 (N-CH,, s, 24H), 3.11 (CH, 1, 1H), 1.85 (CH-CH,-CH,, m,



2H), 1.31 (CH,, m, 12H), 0.91(CH,-CH,, ¢, 3H). "C NMR: (101 MHz, CD,0D, 22 °C) & (ppm): 180.07
(C=0), 60.80 (CH), 55.99 (N-CH;, 1), 33.09 (CH,), 32.58 (CH,), 31.13 (CH,), 30.89 (CH,), 30.52 (CH,),
30.02 (CH,), 23.74 (CH,), 14.48 (CHy;). Anal. Calc: C,,H,,0O,N,* 0.88 H,0: C, 60.29; H, 11.68; N, 7.40;
Found: C, 60.29; H, 11.85; N, 7.29.

Potassium 2-octylmalonate (CsMal-K,). Synthesized from 2-octylmalonic acid and K,CO,(s) in
place of (CH;),NOH per the above protocol. 'H NMR (400 MHz, CD,0D, 22 °C) & (ppm): 3.09 (CH, ¢,
1H), 1.82 (CH-CH,-CH,, m, 2H), 1.31 (CH,, m, 12H), 0.91(CH,-CH,, ¢, 3H). "C NMR: (101 MHz,
CD,0D, 22 °C) § (ppm): 181.08 (C=0), 60.52 (CH), 33.08 (CH,), 32.32 (CH,), 31.01 (CH,), 30.82
(CH,), 3049 (CH,), 2991 (CH,), 23.72 (CH,), 14.45 (CH,). Anal. Calc: C,H;;0,K, ¢ 0.28 H,0O: C,
44 39; H, 6.30; Found: C, 44.39; H, 6.26.

Cesium 2-octylmalonate (C;Mal-Cs,). Synthesized from 2-octylmalonic acid and Cs,CO,(s) in
place of (CH;),NOH per the above protocol. 'H NMR (400 MHz, CD,0D, 22 °C)  (ppm): 3.08 (CH, ¢,
1H), 1.82 (CH-CH,-CH,, m, 2H), 1.31 (CH,, m, 12H), 0.91(CH,-CH,, ¢, 3H). "C NMR: (101 MHz,
CD,0D, 22 °C) § (ppm): 180.70 (C=0), 60.37 (CH), 33.09 (CH,), 32.25 (CH,), 31.02 (CH,), 30.83
(CH,), 30.50 (CH,), 29.89 (CH,), 23.74 (CH,), 14.45 (CH;). Anal. Calc: C; H;O,Cs, * 0.46 H,O: C,
27.05; H, 3.91; Found: C, 27.05; H, 4.25.

Tetramethylammonium 2-decylmalonate (C,,Mal-TMA,). 'H NMR (400 MHz, CD,0D, 22 °C) §
(ppm): 3.12 (N-CH;, s, 24H), 3.1 (CH, ¢t, 1H), 1.85 (CH-CH,-CH,, m, 2H), 1.31 (CH,, m, 16H), 0.91
(CH;-CH,, t, 3H). "C NMR: (101 MHz, DMSO-d,, 22 °C) & (ppm): 180.10 (C=0), 60.82 (CH), 55.98
(N-CH;, 1), 33.07 (CH,), 31.13 (CH,), 30.93 (CH,), 30.86 (CH,), 30.79 (CH,), 30.48 (CH,), 30.02 (CH,),
23.74 (CH,), 14.47 (CH;). Anal. Calc: C, H,;,O,N,* 0.89 H,O: C, 62.00; H, 11.86; N, 6.89; Found: C,
62.00; H, 12.07; N, 7.00.

Cesium 2-decylmalonate (C,,Mal-Cs,). 'H NMR (400 MHz, CD,0D, 22 °C) 8 (ppm): 3.09 (CH, t,
1H), 1.82 (CH-CH,-CH,, m, 2H), 1.31 (CH,, m, 12H), 0.91(CH,-CH,, t, 3H). "C NMR: (101 MHz,

DMSO-d,, 22 °C) 6 (ppm): 180.66 (C=0), 60.28 (CH), 33.08 (CH,), 32.25 (CH,), 31.01 (CH,), 30.86
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(CH,), 30.83 (CH,), 30.78 (CH,), 3048 (CH,), 2997 (CH,), 23.74 (CH,), 14.46 (CH;). Anal. Calc:
C,;H,,0,Cs,* 1.18 H,0: C, 29.49; H, 4.65; Found: C,29.49; H, 4.52.

Lyotropic Liquid Crystal (LLC) Sample Preparation. LLC samples were prepared by massing
desired amounts of surfactant into 1 dram vials, followed by the addition of ultra-pure water (18
MQecm). These mixtures were homogenized to yield clear gel-like solids by three cycles of
centrifugation (4950 x g for 10 min) and hand-mixing. Sample vials were capped and sealed with
Parafilm to prevent any loss of water. Binary surfactant/H,O LLC compositions are reported in terms of

Wy, = (total mol H,0O)/(mol surfactant), wherein the numerator in this quotient accounts for both the

added water and that arising from the surfactant hydrate.

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

versus ¢ plots, using the DataSqueeze software package (http://www.datasqueezesoftware.com/).

Using the JANA2006 crystallographic computing system software,” Le Bail refinement of selected

SWAXS data sets was used to extract the structure factor intensities for each scattering maximum.
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These data were used as inputs for the charge flipping algorithms within the SUPERFLIP software
package™ to reconstruct the electron density maps for various observed LLC phases. The resulting
electron density contour maps (typically, 90% isosurfaces) were visualized using the VESTA software
package,’' from which electron density line profiles along selected crystallographic directions were
obtained. Details of these analyses along with the SUPERFLIP input files (in which the static structure

factor intensities are listed) are provided in the Supporting Information.

Results and Analysis

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

conclusively identify the observed morphologies.'’
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Scheme 1. Synthesis of 2-Alkylmalonates Surfactants.

0 1.LINPr, (2.0 equiv.) o
A c Ao W
h~“NoH _THF/HMPA, 40 °C, 16 N O
2. CO,(s) (>100 equiv.) .
3. M,COj3 or MOH, MeOH oo oM

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

The aqueous LLC phase behavior of C,\Mal-TMA, was investigated by SWAXS analyses of a series

of samples with surfactant headgroup hydrations ranging from Wy = (total mol H,0)/(mol surfactant) =

3-40 (Figure 2). All SWAXS patterns were acquired during the first heating cycle of the as prepared
LLC samples, and patterns were obtained upon cooling to 25 °C to assess potential metastability of the

observed phases. Samples with Wy > 40 form free flowing solutions of disordered micelles. In the
headgroup hydration range 24 < Wy, < 37, we observe an ordered LLC phase with an ambient

temperature SWAXS signature comprising at least 12 peaks corresponding to hexagonally closest-
packed (HCP) spherical micelles. A representative azimuthally-integrated SWAXS intensity profile for

this HCP LLC obtained at 25 °C with Wy = 25.9 (Figure 2A) exhibits unit cell parameters a = 3.94 nm

and ¢ = 6.42 nm. The observed c/a = 1.629 deviates modestly from the ideal value of 1.635, which is
geometrically predicted for HCP hard spheres. The scattering signature for this sample, including the
slightly diminished intensity of the (002) scattering peak (g = 0.1958 A™), is similar to that reported by
Liu and Warr for LLCs of cationic 4° ammonium surfactants with strongly hydrated counterions.”
Upon heating this sample to 60 °C, we observe a transition to a body-centered cubic (BCC) sphere
packing, evidenced by the observation of up to six SWAXS maxima at relative positions g/g* = V2,4,
V6,+10,v12 and V14 (¢* = 0.2057 A™"). These peaks correspond to the (110), (200), (211), (310), (222),
and (321) Miller planes of a supramolecular BCC structure, with a (220) peak extinction. When 7 > 80

°C, the sharp peaks for the ordered BCC LLCs melt into the broad intermicellar correlation scattering
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associated with a disordered dispersion of micelles. In the hydration window Wy = 38-40, we observe

formation of an ordered BCC micelle packing that coexists with disordered micelles. The occurrence of

a BCC phase near the lyotropic order-disorder transition hydration (WOY,ODT) is anticipated by the entropic

arguments of Alexander and McTague regarding liquid-solid phase transitions: the configurational
entropy loss upon symmetry breaking of the liquid state to form an ordered LLC is minimized by

formation of a BCC phase due to site symmetry equivalence within this lattice.** Across the window w,

= 24-40, the thermal order-disorder transition temperature (7,,;) monotonically decreases with

increasing w,, .
N
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Figure 2. Aqueous lyotropic liquid crystalline phase behavior for C,,Mal-TMA,. (A) Synchrotron
SWAXS powder patterns illustrating the formation of A15, 6, HCP and BCC ordered phases at various
headgroup hydration numbers W - (B) Temperature versus Wo, phase diagram depicting the lyotropic

mesophase progression of ordered phases to disordered micellar solutions with increasing w, .
s

In the headgroup hydration range Wy, = 20-24, C,,Mal-TMA, forms a LLC characterized by the

appearance of at least 40 instrument resolution-limited SWAXS peaks (Figure 2A). This distinctive
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scattering signature conforms to that previously reported for FK ¢ phases (P4,/mnm symmetry) of LLCs

and block polymers.™ ™ Detailed analyses of a SWAXS pattern obtained at w, = 22.2 at 25 °C

demonstrate the formation of a giant tetragonal unit cell with @ = 13.3 nm and ¢ = 6.99 nm (c/a = 0.526),
constituting only the second report of a LLC FK ¢ phase (see Figure S1 for fully indexed pattern and
Table S1 for complete listing of peaks positions and residuals). Based on the observation of various high
index peaks (e.g., (730)) in conjunction with the unit cell parameter, we estimate that the coherent grain
radii for these LLCs comprising sub-2 nm micelles exceed ~90 nm. As in the case of the LLC FK ©
phase derived from DPA-TMA,, this LLC structure is characterized by exceptional long-range
translational order at length scales that are somewhat unusual in lyotropic mesophases.”*> We note that
the unit cell parameters for the 6 phase based on C,,Mal-TMA, are comparable to those reported for the
same phase derived from the ten-carbon surfactant DPA-TMA,, suggesting similarities in their packings
and mechanisms of complex phase formation.

At the lower hydrations Wy, = 3-19, we found that C,,Mal-TMA, forms aqueous LLCs exhibiting
much simpler scattering patterns with up to 14 SWAXS peaks located at g/g* = V2,V4, V5,46, .. .etc.
(Figure 2A). These peak positions are consistent with a FK A15 phase with cubic Pm3(-)n space group
symmetry, which has been previously observed in other ionic surfactant LLCs.” *** The A15 phase
formed at Wy = 8.25 exhibits a unit cell parameter a = 6.91 nm. The value of a of the A15 phase
depends weakly on Wo_ and T in the range 22—-100 °C: it monotonically increases from a = 6.81 nm to
6.92 nm with increasing Wo_ and it decreases by less than 3% (~ 0.2 nm) upon heating to 100 °C. In
contrast to the LLCs formed at higher hydrations, the FK ¢ and A15 phases of C,\Mal-TMA, remain
thermally stable up to 100 °C. A temperature versus water content LLC phase diagram for C,,Mal-
TMA, is given in Figure 2B. Although windows of two-phase coexistence are anticipated at

intermediate compositions and temperatures between each pure LLC phase window according to Gibbs

Phase Rule,” * our phase mapping methodology employed a resolution specified by the headgroup
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hydration increment AwoY = 1-1.5 and temperature increment AT = 20 °C. Thus, the absence of some of

these expected two-phase windows in this phase map suggests that they are sufficiently narrow that we
did not directly observe them in the investigated LLC compositions unless noted. Note that a high level
of surfactant crystallinity when Wy < 4 prevents formation of homogeneous ordered phases and we
instead observe coexistence of crystalline surfactant with a LLC phase. Thus, we do not observe the
hexagonally-packed cylinders (H;) LLCs that arise from minimal hydration of the previously reported
dianionic surfactant DPA-TMA,."””

Decreasing the alkyl chain length of the malonate surfactant significantly impacts the observed LLC
phase behavior, as assessed by SWAXS characterization of the water concentration-dependent
mesophase morphologies of CsMal-TMA, (Figure 3). The lyotropic order-disorder transition hydration
below which ordered LLC phases form considerably decreases from Wo opr = 40 for C,,Mal-TMA, to
Wo opt = 18 in CgMal-TMA,. In proximity to this ordering transition at Wy = 16-18, we observe phase
coexistence of an ordered BCC LLC with a fluid isotropic dispersion of micelles as evidenced by the
broadened base of the primary SWAXS peak (Figure 3A). Notably, the HCP spheres phase of the

C,,\Mal-TMA, does not form in this shorter tail malonate amphiphile analog. We observe the formation
of FK ¢ phases upon further reduction of the LLC water content to 11 < Wy < 16, with weakly Wo -
dependent unit cell parameters @ = 11.4 nm and ¢ = 5.99 nm (c/a = 0.525) (see Figure S2 for fully

indexed pattern and Table S2 for a complete listing of peak positions and residuals). Given that the

micelles of Ci{Mal-TMA, are expected to be smaller than those of the C,, analog, the unit cell
parameters for this ¢ phase are noted to be ~ 15% smaller. We also find that reducing the surfactant tail

length from C,, to C; renders the lattice order-disorder transition temperatures for FK o phases

accessible with T, < 70 °C, and T, decreases monotonically with increasing Wo.- Finally, A15 phases
formed from samples with Wy, = 4-8.25 display cubic unit cell parameters a = 5.82 nm and accessible

Topr's = 90 °C (see Figure S3 for fully indexed pattern). Figure 3B depicts a temperature versus

composition phase diagram for CgMal-TMA, LLCs; again, not all of the expected two-phase
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coexistence windows” were observed given the headgroup hydration increment resolution of our phase
map AwoY = 1-1.5 and the temperature increment AT = 20 °C. Inspection of these data reveals that LLCs
based on the C,, surfactant display higher 7, s than those of the C; homolog at comparable values of

WO.

N
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Figure 3. (A) Synchrotron SWAXS powder patterns for aqueous LLCs derived from CsMal-TMA,,
illustrating the formation of A15 and ¢ ordered phases, and coexistence of BCC and disordered micelles
at 25 °C. (B) Temperature versus surfactant hydration number Wo_ phase diagram showing the lyotropic

phase progression: disordered micelles — BCC + disordered micelles —6 — A15 with decreasing w, .

Changing the identity of the counterion in CgMal-TMA, from TMA® to K, as in CgMal-K,

dramatically alters the observed LLC phase behavior (Figure 4). First, we observe an increase in the
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Wy opt = 23 for the potassium-containing LLCs. We also find no evidence for a BCC phase proximal to
the lyotropic order-disorder transition hydration Wo_opr> within the resolution of our LLC phase map.

The presence of the alkali counterion also eliminates the 6 mesophase window, in favor of an enlarged

A15 phase that forms when Wy = 9-22 with no accessible T, (> 100 °C) by SWAXS analyses (Figure
4A). The lattice parameters for the A15 LLCs decrease monotonically from a = 6.28 nm to 5.99 nm
upon increasing W - This unit cell shrinkage with increasing Wo_ is quite different from the monotonic
increase of the A15 and ¢ phase unit cell dimensions for the TMA*-based surfactants. Also noteworthy
is the fact that the A15 unit cells of CsMal-K, are generally larger than those of C;Mal-TMA, at
comparable Wo_ values. For example, a = 6.28 nm at W, = 9.84 for CsMal-K,, whereas a = 5.82 nm
when Wy = 8.25 for CgMal-TMA,. Finally, we found that the A15 phase gives way to a thermally stable
H, phase at low hydrations Wy = 5-7 in CgMal-K,, with a narrow intervening window of H/A15 two-

phase coexistence (Figure 4A and 4B). Within the headgroup hydration and temperature resolution
increments of our experiment, we observe no other two-phase coexistence windows. SWAXS patterns
for the latter coexisting phases appear as direct superpositions of the adjacent pure phase LLC. Based on
these counterion-dependent differences in the LLLC phase behaviors of the Cy— and C,;—alkylmalonate
surfactants, we hypothesized that the highly dissociated nature of the soft, polarizable, and slightly

hydrophobic TMA™ counterion was essential for LLC FK ¢ phase formation.
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notably lacks a FK ¢ phase.
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Figure 4. (A) Synchrotron SWAXS powder patterns for CgMal-K, LLCs illustrating the formation of
hexagonally—packed cylinders (H,), H/A15 two-phase coexistence (* demarcates peaks corresponding
to the H, phase), and pure A15 sphere packing phases. (B) Temperature versus Wo_ phase diagram, which

In order to test this last hypothesis regarding the role of counterion identity in LLC phase selection,
we examined the phase behaviors of alkylmalonate surfactants bearing polarizable and slightly
hydrophobic Cs* counterions. We synthesized samples of C,Mal-Cs, (n = 8 and 10) by deprotonation of
the parent malonic acids with Cs,CO;. Figure 5SA summarizes the aqueous LLC phase behavior of

C;Mal-Cs,, which displays hybrid behavior between that of amphiphiles with either TMA" or K*



counterions (see Figure S4A for representative 1D SWAXS intensity profiles on which these phase
diagrams are based). We explicitly found that the Wy opt = 26 is somewhat higher for CsMal-Cs, than

that for CgMal-K, and that the Cs-surfactant forms a modestly stable BCC LLC near this lyotropic ODT

with T, < 60 °C. In the hydration range Wy = 8-24.5, as-formed LLCs exhibit A15 morphologies that
are thermally stable up to 7> 100 °C with one notable exception. At Wy = 22.8, the LLC obtained from

iterative cycles of high-speed centrifugation and hand-mixing exhibits A15/0 two-phase coexistence
(Figure S4A). Upon heating this sample to 40 °C, we observe a thermally-induced transition to a pure
A15 phase that remains stable up to 100 °C. Since cooling this specific LLC composition back to 22 °C
does not recover the coexisting phases, we suggest that the complex ¢ phase is metastable with respect
to the A15 structure in CgMal-Cs, LLCs. SWAXS reveals that the A15 unit cell parameter for CgMal-
Cs,is a=6.17 nm at w, = 8.00, which is ~6% greater than that of a comparably hydrated CsMal-TMA,
A15 LLC. The unit cell parameters for CgMal-Cs, are comparable to CgMal-K,, and they show only
weak temperature dependence as with the other counterions. The unit cell parameter also decreases with
increasing Wo » similar to CgMal-K,, although the dependence on headgroup hydration is much weaker.
As with the potassium-based surfactants, CsMal-Cs, forms a H; morphology at headgroup hydrations
lower than that of the A15 phase. In the case of C,,Mal-Cs,, we observe a similar water concentration-
dependent phase progression BCC + Iso —» HCP — A15/c — A15 — Hi/A15 — H; with decreasing W,
at ambient temperature (Figure 5B). Although Gibbs Phase Rule again anticipates a pure ¢ phase and a
6/HCP (or 6/BCC) two-phase coexistence window at high hydrations of C,,Mal-Cs,, the limited
resolution of our phase map (Aw, = 1-2 and AT = 20 °C) did not permit their observation.
Representative SWAXS data for Cj9pMal-Cs, are given in Figure S4B. We note that most of these

phases are thermally stable, with the exception of the HCP LLC that exhibits a thermoreversible

transition to a BCC phase at 7> 80 °C. Notably, lengthening the surfactant tail stabilizes the coexisting
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A15 and o phases and does not lead to the apparent ¢ phase metastability observed in the corresponding

C; surfactant.
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Figure 5. Temperature versus surfactant hydration number Wo_ phase diagram for aqueous LLCs of (A)

C;Mal-Cs, and (B) C,,Mal-Cs,, which shows that the soft and somewhat hydrophobic Cs" counterions
allow ¢ phase formation in narrow composition windows.

Discussion
Kim et al. rationalized the DPA-TMA,; lyotropic phase sequence BCC — ¢ — Al5 — H; with

decreasing w, in terms of a frustrated force balance within these supramolecular assemblies.”
N
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Molecular dynamics (MD) simulations revealed that the water—solvated TMA" counterions in the
aqueous domains of these LLCs mediate electrostatic cohesion between the quasispherical
alkylphosphonate (anionic) micelles. The lowest free energy counterion configuration in these ordered
LLCs localizes them near the midplanes bisecting line segments, which connect the centers of
neighboring micelles. Geometrically, the counterions are thus concentrated along the polyhedral
interfaces of the Voronoi (or Wigner-Seitz) cells associated with each site in the ordered lattice.
Electrostatic correlations between the counterions and the surfactant headgroups consequently drive soft
faceting of the micelles. However, the formation of a polyhedral counterion cloud around each facetted
micelle is unfavorable, since the ions and surfactant headgroups situated at the edges and vertices of the
polyhedra are differentially hydrated as compared to those sitting on the faces. Each micelle instead
tends toward ionic sphericity, that is, formation of a spherically symmetric particle (with constant mean

curvature) wherein the counterions are isotropically distributed around the core. At a given Wo » the LLC

assembly must optimize intermicellar cohesion while also maximizing the average ionic sphericity of its

constituent micelles. As the micelles become more concentrated within a BCC LLC (decreasing W)

the counterion clouds deviate significantly from the preferred ionic sphericity due to decreased nearest

neighbor distances in the ordered lattice. Beyond a critical reduction in Wos the LLC reconfigures by

interparticle chain exchange of surfactants and their counterions to generate a new configuration that
optimizes both ionic sphericity and ensemble electrostatic cohesion. The lattice sites in the new LLC
morphology have a greater number of nearest neighbors (average coordination numbers CN > 12) to
induce greater faceting of the counterion clouds to render them more spherical. However, the higher
average lattice site CN results in a lower overall lattice symmetry. Furthermore, the micelles in this new
phase are not all of the same size or volume: adoption of a lower packing symmetry induces the
formation of a discrete distribution of particle sizes with discrete aggregation numbers.

The sphericity of a polyhedron may be quantified through the isoperimetric quotient, /Q = 36mS*/V?

such that IQ = 1 for a perfect sphere.” On this basis, the number average IQ calculated from the
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constituent Voronoi cell /Qs in an ordered lattice quantifies the overall sphericity of that packing
symmetry. On this basis, one calculates that IQ(c) > IQ(A15) > IQ(BCC) > IQ(HCP).”> ™ Thus, the
balance of ionic sphericity and interparticle cohesion leads DPA-TMA,; micelles to form FK ¢ phases
across the range Wy = 21-31 and A15 phases when W, = 10-18. We note that the initial formation of
BCC just below Wy opT = 44 probably arises for entropic reasons® in spite of the obvious deviation from
maximal sphericity.

While the ionic sphericity concept should apply to all aqueous lyotropic packings of ionic spherical
micelles, our studies reveal that access to the FK ¢ phase depends on the nature of the surfactant
headgroup. We first note that the phase diagrams given in Figure 2B and 3B establish that single-tail
dianionic surfactants bearing TMA" counterions generally appear to self-assemble into FK & phase
LLCs. However, Ci¢Mal-TMA, surfactants display a relatively smaller FK ¢ phase window width

(AwoY = 4) as compared to DPA-TMA, (AwoY = 10), in spite of their both having C,p-alkyl tails. In

aqueous CipMal-TMA,; LLCs at 22 °C, the phase sequence HCP — ¢ — A15 with a relatively small ¢
phase window suggests that this surfactant does not enforce ionic sphericity as strictly as DPA-TMA,;.
In other words, the alkylmalonate-derived micelles are softer and more deformable than the
alkylphosphonate micelles. Thus, greater deviations from ionic sphericity are allowed in the former
case. The origins of this enhanced particle deformability probably lie in the relative strengths of the
counterion-headgroup correlations, which are directly related to the surfactant headgroup chemistries.
DPA-TMA,; forms high curvature micelles that are relatively rigid due to strong Coulombic repulsions
between adjacent dianionic headgroups situated at the water/hydrophobic interface, with only partial
screening by the highly dissociated TMA" counterions. While the malonate headgroup of CjyMal-
TMA; is nominally dianionic, the close spatial proximity of the two anionic carboxylate headgroups
linked through a one carbon bridge leads the counterions to sit closer to the micelle surface to screen
both intramolecular and inter-headgroup electrostatic repulsions. The lower degree of counterion

dissociation leads the decylmalonate surfactant to form larger micelles with interfaces that are more
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deformable. Enhanced micelle deformability probably also enables formation of the lower sphericity

HCP packing at high hydrations and low temperatures near W, ODT-
Naturally, the question arises as to why the ¢ phase window width Aw,, for C1oMal-TMA; is smaller

than that for CsMal-TMA,. Alkylmalonates with shorter n-alkyl tails form micelles with smaller radii,
with more tightly packed anionic headgroups lining their surfaces. The enhanced electrostatic repulsions
amongst these ionic headgroups and the short alkyl tail length likely rigidifies these spherical particles,
leading to a stronger preference for ionic sphericity. The larger Cio micelles have a decreased surface
area-to-volume ratio leading to a smaller effective headgroup area per surfactant. Thus, the counterions
are more closely associated with the micelle surface’” and the more deformable interface enables
formation of lower sphericity morphologies.

Upon changing the surfactant counterion from TMA" to K* with CgMal, we observe that the ¢ phase
window closes at the expense of widening that of the A15 morphology. The inaccessibility of the ¢
phase in K-based surfactant LLCs likely reflects a higher degree of potassium carboxylate association,”
which enables formation of larger and more deformable micelles that pack into lower sphericity LLCs
by the above mechanism. Note that the intermediate level of Cs'— carboxylate association'” in CgMal-
Cs; allows the formation of a metastable ¢ phase at low temperatures, which irreversibly converts to an
aqueous A15 LLC. This behavior probably reflects subtle differences in alkali-carboxylate ion pair
dissociation that are only discernable by virtue of the cooperative nature of lyotropic self-assembly, in
which the morphology serves as a macroscopic reporter for microscopic interactions.

We can also explain the expansion of the A15 unit cell parameters upon exchanging the TMA"
counterions for K" in the CsMal LLCs, by considering the specific counterion distributions between the
micelles in the aqueous domains. Recall that the counterions in each LLC sphere packing localize along
the Voronoi cell boundaries of each lattice site, in order to maximize interparticle cohesion. The breadth
of the counterion distribution along these Voronoi boundaries depends on the relative strengths of their

pairwise electrostatic repulsions. Soft and polarizable TMA" cations, in which the positive charge is
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delocalized across the four methyl groups, can more densely concentrate along the Voronoi cell
boundaries as compared to the more point-like K ions that are correlated over much larger distances.”
To experimentally support this notion, we used our established methodology to reconstruct the electron

density maps for A15 LLCs based on CsMal-K; and CsMal-TMA, at wy = 9.85 and wy_= 8.25,

respectively (Figure 6A; see Supporting Information for electron density map reconstruction details).
Figure 6B depict the normalized electron density variation in the z = 0 plane along vectors parallel to the
[010] direction connecting the centers of the platelet micelles (6f Wyckoff positions) and to the [100]
direction along the unit cell edge, as a function of the dimensionless fractional lattice parameter for A15
phases with K" and TMA" counterions. The electron density was normalized by the linear density along
this vector (area under the raw linear plot), wherein we arbitrarily assigned the highest density regions
to be the cores of the micelles. We specifically use the dimensionless fractional distance to compare
these two phases at slightly different hydrations, since they have different unit cell parameters. By our
convention, the maxima in this plot correspond to the micelle cores and the broad minimum stems from
the counterion distributions between the surfaces of neighboring micelles. Qualitative inspection of the
plots in Figure 6B reveal that the trough for the TMA" counterions is narrower and deeper than that for
the K" ions, indicating denser localization of TMA" along the Voronoi cell boundaries as expected. On
the other hand, the shallower and broader troughs corresponding to the K™ counterions in the aqueous
nanodomains implies their more diffuse counterion clouds. The counterion distributions deduced from
the experimental SWAXS data are consistent with the notion that the K ions are more closely
associated with the carboxylate headgroups than the TMA"' ions in these CgMal Al5 LLCs at
comparable hydrations. Consequently, the unit cell dimensions are larger for the surfactant LLCs with
K" counterions due to electrostatic repulsions between the correlated, point-like charges in a manner

consistent with expectations based on theory by Jho et al.”
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Figure 6. (A) 90% isosurface electron density reconstructions of the A15 phase unit cells for CsMal-
TMA; and CsMal-K; at wy = 8.25 and 9.85 respectively. (B) Normalized linear electron density profile

in the z = 0 plane along the [010] direction passing through the centers of the platelet micelles and in the
[100] direction along the unit cell edge. The peaks correspond to the micelle cores and the troughs
correspond to the counterion distribution between neighboring micelles. The relative depth and breadths
of the troughs in both of the [010] and [100] directions indicate that the counterions are more localized
along the Voronoi cell boundaries in the case of TMA" (blue) than with K" (red).
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Finally, we note that the values of wy_opr is generally higher for surfactants with alkali counterions as

opposed to those with TMA" counterions. Since the alkali counterions are electrostatically correlated
over longer distances by virtue of their point-like charge distributions,* we surmise that larger amounts
of water are required in order to effectively screen all of the pairwise interactions between the micelles
and induce lattice disordering. However, the more diffuse and polarizable nature of the TMA"
counterion lends to its effective screening by smaller amounts of water. Therefore, cohesion between the

micelles is lost at relatively lower hydrations for the TMA-based surfactants.

Conclusions

Detailed studies of the water concentration—dependent lyotropic mesophase behaviors of a
homologous series of 2-alkylmalonate ionic surfactants revealed their propensities to form four possible
spherical micelle packings, the exact symmetries of which depend sensitively on their associated
counterions. The soft, polarizable TMA" ion leads to the formation of micelles that strongly prefer a
local spherical particle symmetry, since the high degree of counterion-headgroup dissociation fosters
significant electrostatic repulsions between adjacent surfactant headgroups within each micelle. This
preference for ionic sphericity while maximizing micellar cohesion drives a spontaneous lowering of the
global lattice symmetry to form a complex FK ¢ phase, the unit cell of which contains 30 quasispherical
particles with five different volumes. Reducing the water content of these LL.Cs drives formation of the
structurally related FK A15 phase. However, replacing the soft TMA™ counterion with a more point-like
K" counterion completely destabilizes the ¢ phase in favor of the A15 phase. This change in packing
symmetry originates from the reduced preference for spherical particle symmetry, which arises from
closer counterion-headgroup association in the latter case. These findings generally suggest that
controlling both counterion-headgroup and counterion-counterion correlations in normal LLC phases
furnish new means for self-assembling hydrated surfactants into unusual mesostructured supramolecular

assemblies with tunable unit cell sizes.
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