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Abstract

A fundamental understanding of confined water is crucial for developing selective ion transport
and water purification membranes, yet the roles of nanopore geometry and functionality on
confined water dynamics remain unresolved. We report the synthesis of perdeuterated ionic
alkylsulfonate amphiphiles and their water-induced self-assembly into lyotropic liquid crystal
(LLC) mesophases with well-defined, convex sulfonate-lined nanopores. Quasielastic neutron
scattering (QENS) measurements demonstrate that the water self-diffusion coefficients within
these sulfonate-lined convex nanopores depend on the hydration level and amphiphile counterion
identity (H*, K*, NMe4*). The consistency of the observed counterion-dependent water dynamics
with those of carboxylate LLCs is rationalized on the basis of similarities in the counterion spatial
distributions in the water-filled channels, which we deduce from electron density maps derived
from small-angle X-ray scattering (SAXS) analyses. These findings indicate that water diffusion is
systematically faster in sulfonate-lined nanopores as compared to carboxylate-lined pores due to
weaker water interactions with the softer and more hydrophobic—SO3~ functionalities. These
molecular-level insights into the relationships between convex pore wall chemical functionalities,
hydrated counterions, and confined water diffusion may inform future development of new
nanoporous media.
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Previous study:

 Water |
 Diffusion?

Introduction

Myriad useful and anomalous properties of bulk water stem from its unique hydrogen-
bonding network,! 2 yet confinement between interfaces dramatically alters both water
structure and dynamics.#-® Understanding how water dynamics are affected by the
molecular details of its confining matrix is a central issue in optimizing the selective
transport of ions or water through porous polymer membranes.’~10 For example, sulfonated
ionomers have emerged as attractive materials for both proton exchange membranes (PEMs)
and water purification media in spite of their apparently orthogonal performance
requirements. PEMs such as Nafion! and other sulfonated ionomers12: 13 must facilitate
rapid water-mediated H* conductivity, while limiting water diffusivity through relatively
large aqueous nanopores (~5 nm diameter)!# lined with superacidic functional groups.
Conversely, structurally similar sulfonate ionomers® 15 16 such as Nexarl’ used for water
purification membranes must permit rapid water transport while simultaneously inhibiting
ionic mobility. Numerous studies have investigated water dynamics within sulfonate
ionomer membranes,’: 18-24 yet the variable pore sizes and ill-defined pore
connectivities!l: 14 25. 26 of these materials obscure definitive correlations between the
effects of pore chemistry and geometry on water dynamics and ultimate membrane
performance.?’

Lyotropic liquid crystal (LLCs), which derive from water-driven self-assembly of molecular
amphiphiles, feature structurally well-defined and nearly monodisperse nanopores of tunable
diameters (d~ 1-5 nm) lined with chemical functionalities specified by the surfactant
headgroups (Figure 1).28 These attributes render them attractive media for fundamental
studies of confined water?% 30 and practical membrane applications.31-33 The long-range
crystallographic order of LLCs enables unambiguous identification of their supramolecular
structures by small-angle X-ray scattering (SAXS),34 the details of which may be visualized
by reconstructing real-space electron density maps.30: 3% 36 The groups of Gin37-40 and
Osuji*l=43 have demonstrated scalable fabrication of LLC filtration membranes with <2 nm
pores, yet fundamental comparisons between the filtration performance of these various
membranes are obscured by differences in pore geometries (concave versus convex) and
pore functionalities, which include imidazolium,3” alkylphosphonium,38: 39
alkylammonium,?° sulfonate,*! and carboxylate*? 43 moieties. Recent work by Jackson et
al. demonstrated higher water-mediated H* conductivities of alkylsulfonic acid LLCs in
convex as opposed to concave ~2 nm pores, with conductivities of convex LLCs comparable
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to fully-hydrated Nafion (~5 nm concave pores) under similar conditions.** Deeper insights
into this surprising observation motivate detailed studies of the roles of pore structure and
chemical functionalities on confined water dynamics reported here.

Despite various theoretical and experimental investigations, the effect of LLC interfacial
chemical functionalities on confined water diffusion remains unclear. McDaniel er a/.® used
molecular dynamics (MD) simulations of gemini (“twin head-twin tail”) disodium
dicarboxylate and bis(sulfonate) surfactant LLCs to show that water diffusion depends most
sensitively on pore diameter (which is coupled to amphiphile hydration in LLCs), followed
by amphiphile headgroup identity, and then pore interfacial curvature. They observed
somewhat slower water diffusion in sulfonate-lined pores than in their carboxylated
counterparts, although their simulations did not consider differences in headgroup-
counterion association and their consequences for counterion distribution within the pores.
Subsequent MD simulations*® and experiments30 explored the roles of surfactant hydration
and counterion identity (Na*, K*, NMe4*) on water dynamics in the convex nanopores of
gemini dicarboxylate LLCs. These studies established that counterion identity and their
spatial distribution within an ionic nanochannel strongly impact water diffusion. In contrast
to earlier predictions by McDaniel er a/.,8 water diffusion in dicarboxylate LLCs is much
slower that that reported for convex perfluorooctanesulfonic acid (PFOS) LLCs.29 This
discrepancy, which could be ascribed to the inexact nature of this comparison due to
differences in the PFOS proton counterion or its fluorinated surfactant tail, motivates a
careful assessment of the relationship between headgroup chemistry, counterion identity, and
confined water diffusion.

Herein, we measure directly the water self-diffusion coefficients in the convex nanopores of
alkylsulfonate LLCs as a function of their hydration levels and counterion identities. We first
describe the synthesis of new perdeuterated sulfonate amphiphiles with varied counterions
(H*, K*, NMe,4*) and assess their LLC phase behaviors by SAXS. Using quasielastic
neutron scattering (QENS), we measure the dynamic structure factor S(g, £), from which we
isolate contributions from water translational dynamics to determine the water self-diffusion
coefficient <D>. These data demonstrate that water diffusivity depends primarily on the
hydration level of the LLC, with a weaker dependence on counterion identity such that
Dy,0,K1 > DPH,y0,HT > DH,0,NMe4* at all hydrations. At a fixed hydration and counterion

identity, sulfonated LLCs exhibit larger <D> values than carboxylate LLCs, in discord with
simulations.8 However, the counterion-dependent trend in water diffusion concurs with that
experimentally determined for carboxylate LLCs with similar pore diameters.30 We
rationalize these findings in terms of the similarities in the counterion distributions in
carboxylate and sulfonate LLCs based on SAXS analyses, which implies that difference in
water diffusivity stem from differences in water-carboxylate versus water-sulfonate pore
wall interactions. We also find that water diffusion in LLCs with convex nanopores is more
sensitive to pore chemistry than previously reported for concave confinement,*® suggesting
the importance of nanopore geometry in future design of nanoporous media.
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Experimental Methods

Materials and Methods.

1-bromononane—dg (98% D) and tetramethylammonium-aj, hydroxide pentahydrate
(N(CD3)40D*5D50, 98% D), were purchased from CDN lIsotopes (Quebec, Canada) and
Cambridge Isotope Laboratories (Cambridge, MA), respectively. High purity DO (99.9%
D), reagent grade solvents, and all other materials were purchased from Sigma-Aldrich
(Milwaukee, WI) and used as received unless otherwise noted. Type | ultra-pure water was
obtained from a Thermo Scientific Barnstead NANOpure™ system (18.2 MQ resistance)
and sparged with N,(g) prior to use. High purity niobium foil (0.025 £ 0.015 mm thick,
99.8%) was purchased from Alfa Aesar.

A Bruker Avance 111 HD AM-400 with a BBO SmartProbe was used to record 2H NMR
spectra and 13C NMR spectra were recorded on a Bruker Avance 111 HD 500 MHz
spectrometer with a TCI cryoprobe housed in the LeClaire-Dow Instrumentation Facility at
the University of Minnesota-Twin Cities. The 2H spectra were recorded in the CH30H and
referenced relative to the residual deuterated solvent peak, while the 13C spectra were
recorded in CD30D and referenced to the solvent peak. Atlantic Microlab, Inc. (Norcross,
GA, USA) performed combustion elemental analyses (C, H, N, and S).

Deuterated Surfactant Synthesis.

Detailed synthetic procedures for perdeuterated alkylsulfonate amphiphiles are given in the
Supporting Information and are briefly summarized here. Adapting an synthetic approach,**
Sodium 1-nonanesulfonate-a;9 (SO3Nad) was obtained by refluxing 1-bromononane-adig
with NaySO3(aq) with EtOH, followed by recrystallization from H,O. Acidification of
SO3Nad with HCI(g) in Et,0 yielded 1-nonanesulfonic acid (SO3Hd). Safety Note: HCI(g)
and SO3Hd are both extremely corrosive and must be handled in a fume hood with adequate
ventilation with appropriate personal protective equipment, including nitrile gloves to
mitigate skin exposure. SO3Hd was subsequently deprotonated using either K,CO3(5) or
N(CD3)4OH(ag) to afford the perdeuterated SO3Kd and SO3NMe,d amphiphiles. These
surfactants were azeotropically freeze-dried from CgHg to minimize the residual H,O
content. Isolated surfactant hydrates were subjected to elemental analyses to confirm their
elemental purities and to estimate residual H,O content. Surfactants used to prepare fully
deuterated LLC samples (deuterated surfactant in D,0) for QENS background subtraction
were subsequently freeze-dried from D,0 to minimize incoherent scattering from residual
H»0. Elemental analyses data are provided below, wherein deuterium is analyzed as
hydrogen.

Anal. Calc. for SO3Hd: CgD19SO3H«0.4H,0: C, 46.07; H, 8.95; S, 13.67; Found: C, 46.08;
H, 9.20; S, 14.06. For the background sample: Anal. Calc.: CgD19SO3H+0.72 D,0: C, 44.96;
H, 9.00; S, 13.34; Found: C, 44.96; H, 8.91; S, 13.74.

Anal. Calc. for SO3Kd: CgD19S0O3K0.2H,0: C, 40.16; H, 7.26; S, 11.91. Found: C, 40.08;
H, 7.11; S, 11.96. For the background sample: Anal. Calc.: CgD19S03K+0.2 D,0: C, 40.20;
H, 7.26; S, 11.92; Found: C, 40.20; H, 7.14; S, 12.03.
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Anal. Calc. for SO3NMe,d: C13D3,SO3N+0.38H,0: C, 48.87; H, 10.01; S, 10.03; N, 4.38.
Found: C, 48.47; H, 9.69; S, 10.53; N, 3.99. For the background sample: Anal. Calc.:
C13D31SO3N0 D,0: C, 49.94; H, 9.98; S, 10.25; N, 4.48. Found: C, 49.91; H, 9.86; S,
10.49; N, 4.24.

Surfactant LLC Sample Preparation.

LLC samples were prepared by massing ~600 mg of surfactant hydrate into 1 dram vials in
an argon-filled glovebox to mitigate adventitious atmospheric moisture uptake. For each
surfactant and hydration level, two sets of QENS samples were prepared outside of the
glovebox: (1) a sample hydrated with H,O for data collection and (2) a sample hydrated
with D,O for background subtraction. By explicitly incorporating the residual water content
determined by elemental analysis, we prepared LLC samples of a desired headgroup
hydration number

wq = ( total moles water )/( moles —SO3~headgroup ),

by massing precise amounts of Type | ultrapure H,O or high-purity D,O. Samples were
homogenized using iterative cycles of high-speed centrifugation (4996 x g) and hand-mixing
with a spatula. As prepared LLC samples were stored in Teflon-capped vials sealed with
Parafilm to avoid dehydration (a decrease in wp) and allowed to rest at least 24 h prior to X-
ray analyses to relax residual stresses in the materials.

Small-angle X-ray Scattering (SAXS).

Both laboratory source and synchrotron SAXS were used to determine the morphologies of
all LLC samples. We used lab-source SAXS analyses to confirm each LLC sample
morphology prior to loading them into sealed sample holders for subsequent QENS analyses
(vide infra). The Supporting Information explicitly provides these SAXS analysis
conditions. Small portions of each LLC sample were set aside for high-resolution SAXS
studies at the 12-ID-B beamline of the Advanced Photon Source (APS; Argonne, IL, U.S.A.)
using a beam energy of 14.00 keV (A = 0.8856 A) and a 2.027 m sample-to-detector
distance. LLC samples were hermetically sealed in alodined aluminum DSC pans and
exposed for 0.1 s at 298 K. Small- and wide-angle X-ray scattering patterns were recorded
simultaneously on a Pilatus 2M detector (25.4 cm x 28.9 cm rectangular area) with 1475 x
1679 pixel resolution. The acquired SAXS patterns were calibrated using a silver behenate
standard (¢hoo = 58.38 A) and azimuthally integrated to generate 1(g) v. g intensity profiles
using the DataSqueeze*’ software package. Morphological assignments were made by
comparing observed peak positions with those calculated for a specified unit cell symmetry.
Full indexing for the somewhat unusual SO3Kd ribbon (R)) phase at ug = 6 is given in Table
S1. Safety Note: Institutional radiation safety protocols were followed to mitigate exposure
to X-rays, an ionizing radiation that presents significant safety hazards.

Real-space Electron Density Reconstructions.

Detailed procedures have been reported previously30: 35 36. 44, 48-50 anq are summarized
here. We used the JANAZ2006°! software program to perform a Le Bail refinement of the
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synchrotron SAXS data in order to extract the structure factor intensities (|/,|) for each
scattering peak in the 1D-SAXS /(26) v. 2@ profile. These || values were used as inputs for
the charge-flipping algorithm SUPERFL 12 53 to generate real-space electron density
contour maps, which were visualized and analyzed with the VESTA software package® to
estimate the aqueous channel diameter and counterion distributions therein. Further details,
including the figures of merit for the electron density reconstructions (Table S2) and
SUPERFLIPinput files, are provided in the Supporting Information.

Quasielastic Neutron Scattering (QENS).

Perdeuterated sulfonate LLCs were loaded into instrument-specific aluminum flat plate cells
(3 cm x 5 cm) with a sample thickness of 100 um to ensure = 90% neutron beam
transmission, so multiple-scattering effects could be neglected. SO3Hd LLCs were enclosed
in niobium foil packets to prevent sample cell corrosion by these highly acidic LLCs.
Niobium foil was chosen for its high corrosion resistance® and low neutron incoherent
scattering cross-section.%® Aluminum sample cells were then sealed using an indium wire O-
ring under hydraulic compression with a force of 1000 psi at 25°C and bolted shut.

QENS data were collected on the Backscattering Spectrometer (BASIS, BL-2) at the
Spallation Neutron Source (SNS), Oak Ridge National Laboratory (Oak Ridge, USA).
Safety Note: All National Laboratory Radiation safety protocols were followed to mitigate
exposure to neutron radiation, which presents significant human health hazards. We used the
same data collection and analysis procedures to those described in an earlier study.30 The
incident neutron wavelength was set to A = 6.274 A, resulting in a range of accessible
energy transfers —120 < £< 120 eV with 3.5 eV resolution. QENS data were collected
between 0.2 < ¢< 2.0 A1 and binned in 0.2 A=1 increments, with the reported ¢-values
corresponding to the middle of these binned groups. Data for each sample prepared using
H,0 were first collected at 298 K to measure Sgy,Ag,£) and then at 50 K to obtain the
sample-dependent instrument resolution function, /R(g,£). Perdeuterated background LLCs
samples prepared using D,O were only measured at 298 K to obtain Spackground§,£)- Data
acquisition times were set to ~6 h per scan to achieve data of good statistical quality with the
available beam power.

Per our earlier report,39 vanadium-normalized QENS spectra were fit with the Mantid
software suite (http://dx.doi.org/10.5286/software/mantid)57 using:

B
S(q. E) = !a(‘I) X 6(E) + A(@) FT{exp _($) ]” ® R(q, E) + by X Spackground )

(g, E) + C(q)

Sg,E) is the QENS spectra for the HoO-hydrated LLC. The elastic scattering intensity 8(£)
is weighted by the function a(g), while the quasielastic scattering intensity modeled by the
Fourier transform of a Kohlrausch-Williams-Watts (KWW) stretched exponential function is
weighted by the function A(g). The elastic and quasielastic contributions were convoluted
with the resolution function R(q,£). Spackground ,£) is weighted by a scaling factor 4, and
C(g) is a linear background term. A sequential fit to Eq. (1) at each g-value was first
performed to obtain initial values for the six fitting parameters 4,(q), Aq), a(q), A(g), ©q),
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and B(g). The values from the sequential fit were on/y used as inputs for a global,
simultaneous fit of all data 0.2 A1 < g< 1.4 A=l and -120 < £< 120 peV, in which Band
by, were treated as a g-independent variables that were optimized over the entire g-range.
Note that several other studies of confined water dynamics have treated Sas a ¢g-independent
variable.# 10. 46,58 Ag noted in our previous study,3% we were unable to achieve good global
fits to the data when including ¢> 1.4 A~1 due to substantial attenuation of S(g,£) caused by
the flat-plate sample cell. Table S3 gives representative values obtained from a global fit to
Eq. (1) for each system. The optimized values for &, approximately correspond to the mass
ratio of the H,O LLC QENS sample and the D,O LLC background sample, as expected.
While treating 4, as a g-dependent variable yields slightly lower y? values in the global fit,
the water self-diffusion coefficients obtained by both methods are within the estimated error
of our fitting protocol. We validated our treatment of Sas a g-independent variable by
performing a sequential fit to determine B(g) with &, fixed at its optimized value. Consistent
with previous studies of confined water dynamics,? 10. 30. 46,58 the g-values are relatively ¢-
independent with relative standard deviations op/fayg < 12% (Figure S1). Note that using the
Bvalues from Figure S1 and the corresponding t-values, we recover the same water self-
diffusion coefficients within our estimated uncertainty.

We performed five separate global fits of the QENS data to Eq. (1) using different initial
inputs and averaged the resulting water self-diffusion coefficients. The relative standard
deviations were < 10%, which we take to be the fractional error of our fitting protocol.

We additionally performed elastic intensity scans on both cooling and heating SO3NMeyd at
wp = 6. Note that the heating ramp was performed after holding this sample at 50 K for 6 h
to acquire the instrument resolution function /A(g,£). Data were collected at 2 K increments
over the range 298 K = 7= 236 K and at 7= 200, 170, 140, 100, and 50 K with a set cooling
rate of 5 K/min and temperature control £1 K. Samples were equilibrated for 2 min after
reaching the target temperature and data was acquired for 5 min. The proton mean-squared
displacement ((u%}) was determined using the g-dependent elastic intensity measured over

the full g-range (0.04 A=2 < ¢ < 4.00 A~2) per Equation 2:

I(q)\ _ ‘12<”2>_ 2| 2
1“(10@)‘ B & @

where /(g) is the elastic intensity at a given temperature normalized by the elastic intensity
obtained at 50 K, /y(g), where protons are completely immobile within the BASIS time
window.

Results and Analysis

QENS is a well-established incoherent neutron scattering technique that measures &V to
meV energy transfers resulting from atomic motion over a range of scattering wavevectors.
The resulting dynamic structure factor S(g,£) contains contributions from translational,
rotational, and vibrational dynamics. While the anomalously large incoherent scattering
cross-section of 1H enables direct measurement of confined water dynamics in inorganic
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structures,® 5 46, 58,59 sty dies of hydrated soft materials typically require a perdeuterated
confining matrix to isolate the quasielastic signal of water.30. 60. 61

Amphiphile Synthesis and LLC Phase Behavior.

To minimize contributions of surfactant dynamics to the desired g, £) for H,O from QENS
measurements, perdeuterated single-tail, ionic sulfonate amphiphiles were synthesized per
the route depicted in Scheme 1. Sodium 1-nonanesulfonate-a;g was obtained as a highly
crystalline solid from the reaction of Nay;SO3(ag) with 1-bromononane-djg in EtOH (see
Supporting Information for detailed synthetic procedures). Protonation of this reaction
product with HCI(g) in diethyl ether yielded nonanesulfonic acid (SO3Hd) in high yields.
Deprotonation of SO3Hd with either KoCO3(s) or N(CD3)4OH(ag) in CH30H yielded the
perdeuterated sulfonate salts SO3Kd and SO3NMeyd, respectively. After azeotropic freeze-
drying from benzene, deuterated amphiphiles were isolated as hydrates and subjected to
elemental analysis to confirm their purities. The reported deviation between the calculated
elemental composition for SO3NMe,d and that observed in elemental analysis, as well as
the 2H NMR integration of the NMe4* deuteron peak relative to that of the terminal methyl
group (see Supporting Information for 2H NMR data), are consistent with ~90%
deprotonation. Accounting for the residual water content estimated from elemental analysis,
we prepared LLCs with targeted headgroup hydration levels, ng = (total moles water)/
(moles —SO3™ headgroup) per the approach described in Supporting Information.

We used synchrotron SAXS to determine the supramolecular LLC morphologies of SO3Hd
(Figure 2A), SO3NMe,d (Figure 2B), and SO3Kd (Figure 2C) prior to QENS analyses.
Unless otherwise noted, sulfonate amphiphiles formed structurally identical LLC
mesophases on hydration with H,O or D,0. At ng = 6.5 in H,O, SO3Hd forms stiff, non-
birefringent double gyroid (G) phase (/a3(-)d symmetry) LLCs with unit cell parameter a=
71.2 A (¢* = 0.0882 A1).34 However, SO3Hd LLCs formed at the same g in DO are soft
and birefringent lamellar (L) phases with interlayer spacings of 27.8 A. SAXS analyses of
birefringent, stringy SO3Hd LLCs at ug = 15 indicate formation of a hexagonally-packed
cylindrical micelles (H,) phase (p6mm symmetry) with center-to-center distances of 37.8 A.
The birefringent SO3NMeyd LLCs at ng = 6 exhibit SAXS signatures for L, + H; phase
coexistence with L, spacings of 23.3 A and H; intercylinder distances of 33.0 A. Further
hydration of SO3NMe,d to ng = 12 and 15 affords stiff, non-birefringent A15 micellar
packings (Pn3(-)n symmetry)*8 with unit cell parameters 2= 73.0 A and 74.2 A,
respectively. The SAXS patterns of birefringent SO3Kd LLCs at g = 6 reveal a centered
rectangular 2D packing of cylindrical micelles®? 63 (R,, C2mm symmetry, see Table S1 for
detailed indexing) with 2= 28.5 A and 6= 86.6 A and /a~ 3.0. We observe H, phase LLCs
for SO3K at ug = 15 in H,0 with micelle center-to-center distances of 36.7 A (¢* = 0.198 A
1), while the same LLC hydrated with D,0 yields a fluid isotropic (L) phase with a broad
correlation peak at ¢* = 0.198 A1, In all cases, the general phase progression towards more
highly curved hydrophobic interfaces with increasing ng demonstrates that these are Type |
or ‘normal’ LLCs, in which water is confined within convex nanopores lined with sulfonate
chemical functionalities (Figure 1).
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QENS Measurement and Data Fitting.

We used QENS to measure the dynamic structure factor (g, £) (Figure 3) for LLC samples
formed in H,O. We observe a quasielastic peak that broadens and decreases in intensity at
higher g-values, with some attenuation of S(g,£) at ¢= 1.5 and 1.7 A~ as an artifact of the
flat-plate QENS sample holder employed for these measurements. The measured S(g,£)
contains contributions from five different components: (1) a linear background due to
vibrational dynamics that are faster than the instrument resolution, (2) elastic intensity
arising from differences in coherent contrast (e.g. SANS) between the QENS sample
comprising deuterated amphiphile in H,O and the background LLC sample made in D50,
(3) elastic intensity from any water molecules that are immobile over the timescale set by the
instrument resolution function, (4) quasielastic signal from deuterated amphiphile dynamics,
and (5) quasielastic signal from water dynamics, which we sought to isolate.

To isolate the quasielastic scattering from water, we fit S(g,£) using our previously
reported3? four-component model given in Eq. (1) as depicted in Figure 4 and described in
the Experimental Methods Section (see Table S3 for QENS data fitting parameters). We
approximate vibrational dynamics using a linear background. We used a single d-function to
fit both elastic contributions to S(g,£) (e.g. SANS and immobile H,O molecules). In
addition to synthesizing perdeuterated amphiphiles, LLC samples formed in D,0O were used
as a background to subtract the contributions from surfactant dynamics to §(g,£). The
experimentally-measured Spackground( g £) Was weighted by a background scaling factor 4.
As noted in our previous study of water dynamics in alkylcarboxylate LLCs,30 excess elastic
intensity in our samples caused by the LLC morphology and its SANS peaks cannot be
removed with our background subtraction procedure, as the perdeuterated background
sample exhibits significantly lower coherent contrast. Our treatment of the surfactant
background assumes similar deuterated surfactant dynamics in S(g,£) and Spackground(§: ),
which may no longer be valid if LLC phase behavior changes upon replacement of H,O
with D0. Fitting g, £) without Spackground( g, E) for the cases of SO3Hd at g = 6.5 (G in
H,0 — L, to D,0) and SO3Kd at ng = 15 (H; in H,O — L in D,0) only changes our
calculated water self-diffusion coefficients (vide infra) by <13% and thus does not alter any
of our gualitative conclusions.

Using the relaxing cage model (RCM) developed to analyze heterogeneous dynamics in
supercooled water,* 59 64-66 we fit the remaining water quasielastic contributions using the
Fourier transform of a Kohlraush-Williams-Watts (FT-KWW) stretched exponential to
determine the g-dependent cage relaxation time z and the stretching/compressing exponent
B. Note that while previous simulations by Trigg ef a/. demonstrated that water diffusion is
highly sensitive to pore size dispersity,2’ our use of a FT-KWW function allows us to
account for spatially heterogeneous water dynamics and extract an average water self-
diffusion coefficient (<0>). Our four-component model fits the data with )(2 <5 (Table S3).
As noted previously,30 the observed residual stems from the inability of a single 8-function
(convoluted with the instrument resolution function) to completely capture the elastic
intensity arising from two different sources: (1) water molecules immobile over the
timescale set by the instrument resolution and (2) Bragg peaks from the underlying LLC
morphology that cannot be removed through the background subtraction protocol. The
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residual is most pronounced at low g-values (Figure 4), where the Bragg scattering from our
samples is strongest (Figure 2). Adding another d-function to the fitting routine did not
significantly improve the fit quality. We note that a similar QENS data analysis approach for
structurally homologous alkylcarboxylate LLCs was well-corroborated by MD simulations,
45 indicating that strong coherent scattering does not prevent extraction of water self-
diffusion coefficients. In view of these caveats, we emphasize that the present work focuses
on qualitative trends in water dynamics.

QENS Data Analysis.

Both hydration level and counterion identity affect the FT-KWW stretched exponential
fitting parameters. The cage relaxation time z decreases as a function of g, with anomalously
large zvalues at low g from the residual elastic intensity not captured in our fit (Table S3).
At a constant headgroup hydration (ug), we generally observe the largest z values for
SO3NMeyd, followed by SO3Hd and then SO3Kd. We observe lower z values as ny
increases for a given counterion. From global fits of the data, the g-independent g~ 0.6-0.8
generally increases with hydration (Figure S1), indicating more homogeneous water
dynamics at higher wy. The RCM fitting parameters zand g can be combined yield an
average relaxation time (<zg>) via Equation 3:>

=51t

In the “decoupling approximation,” the intermediate scattering function (ISF) determined by
QENS is approximated as the product of the translational ISF and the rotational ISF, wherein
the low g QENS signal is dominated by the translational 1SF.85 67 MD simulations have
explicitly validated the decoupling approximation for water confined in gemini
dicarboxylate LLCs for ng = 3 and g < 1.3 A~1.68 |f water were exhibiting diffusive
translational dynamics, the average relaxation time (1/<tg>) would scale linearly with

2.5 46.58.59 A power-law fit of g¥ ~ 1/<tg> over the range 0.2 A1 < g< 1.2 A1 reveals
power law scaling exponents (y) of ~2 with two exceptions (Figure S2 and Table 1). SO3Hd
exhibits -y = 3.3 at up = 6.5 and y = 2.4 at higher wy. We attribute this result to increased
elastic intensity at low g from the spatially periodic SO3Hd LLC morphology (see Figure 2
for SAXS data). This elastic intensity cannot be completely captured by the 8-function in
our QENS fitting protocol and thus artificially decreases 1/<tg> at low gas visualized in
Figure S2. Excluding the lowest ¢ bin and fitting SO3Hd at g = 15 over the range 0.4 A~1
< g< 1.2 A lyields y = 2.2; whereas the stronger SANS signal at 1 = 6.5 leads to y = 2.1
only over the range 0.6 A= < g< 1.2 A~1. Note that we recover the same value for the water
self-diffusion coefficient (vide infra) whether the low g data for SO3Hd is included or
excluded.

As the majority of our data do follow the expected -y ~ 2 scaling and many other studies of
confined water have observed diffusive dynamics,® 46: 58,59 e then determined the water
self-diffusion coefficient (<>) using a linear least-squares regression of 1/<tg> versus P
over the range 0.2 A1 < g< 1.2 A~1 with /2> 0.97 (Figure 5a at low ug and Figure 5b at
high ug, see Table S3 for R? values). Taking into account the estimated +10% uncertainty in

J Phys Chem B. Author manuscript; available in PMC 2021 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jackson et al.

Dgu/<D>, wp = 15

Page 11

<D> from our fitting protocol (see Experimental Methods) and systematic errors in applying
the standard QENS analyses to LLC confined water,58 we focus primarily on the qualitative
effects of hydration, counterion, and surfactant headgroup on confined water diffusion.

Headgroup hydration state and counterion identity affect <O> (Figure 6A and Table 1). As
quantified by the ratio of bulk water self-diffusion to that in the LLCs (Dgy/<D>), water
diffusion decreases by a factor of 2—-3.5 upon confinement within sulfonate-lined LLCs at 1y
= 15. We observe a modest counterion dependence with the decreasing water self-diffusion
in the order Dy,0,k* > DH,0,Ht > DH,0,NMe4+ Water dynamics are significantly slower at

Wy ~ 6 with Dg/<D> values ranging 4.1-11. While the counterion dependence of water
diffusion is more pronounced at this low hydration, the same qualitative trend is observed.

Role of convex nanopore interfacial chemistry is apparent in comparing <D> for sulfonate
LLCs (Figure 6A) to those reported for carboxylate LLCs30 (Figure 6B). We refer to the
gemini dicarboxylate LLCs using the nomenclature CO,M-74d, where M is the surfactant
counterion identity (e.g. Na*, K*, NMes™). SAXS analyses30 of CO,M-74d LLCs at ugy’s =
6 & 15 indicate convex nanopores with comparable diameters to those in our current study
(see Table 1 for structural information). As carboxylate and sulfonate LLCs differ somewhat
in their exact morphologies and consequent convex pore structures, we focus on gualitative
comparisons of the water dynamics in pores lined with these two headgroup chemistries. For
the same counterions at ug = 15, water diffusion is more bulk-like for sulfonate LLCs and
yields Dg/<D> values that are 1.5 times smaller than their carboxylate analogs:

Headgroup
-SO;~ -CO,”

NMe,* 35 5.8

Counterion
K+

Dgul<D>, np =6

NMes*
K+

Counterion

2.1 3.2

The difference between headgroup chemistries becomes sharper at lower headgroup
hydrations, with a 2.7-fold decrease in Dgy/<D> at up = 6 for SO3Kd and SO3NMe,d
compared to CO,K-74d and CO,NMey-74d, respectively:

Headgroup
-SO3~ -CO,~
12 32
4.1 11

On maintaining a constant 1y and counterion identity, replacement of carboxylate groups
with sulfonate functionalities systematically increases confined water diffusion.

We conducted elastic intensity scans to investigate further understand how headgroup
chemistry affects confined water dynamics. We obtained the hydrogen atom mean-square
displacement (<t (T)>, Figure 7) for SO3NMe,d at ug = 6 by fitting the g-dependence of
the elastic intensity from 298 to 50 K (see Experimental Methods for more details). This
value quantifies the magnitude of H-atom vibrations perpendicular to the hydrogen-bonding
axis,’! which we previously correlated with the physical volume excluded by counterion in
the aqueous channel.30 The <¢A,(298 K)> = 0.14 A2 measured for SO3NMe,d is smaller
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than 0.23 A2 observed for bulk water’ and comparable to those measured for water
confined in inorganic matrices.> 58 72 The value for SO3NMeyd is almost identical to
<A4(298 K)> = 0.13 A? obtained for CO,NMe,-74d30 at ug, = 6, suggesting a similar
extent of counterion distribution in the water-filled pores despite the differences in
headgroup chemistry.

Cooling SO3NMe,d yields a continuous decrease in <t2,(T)>, indicating that crystallization
of any bulk-like water is suppressed under these experimental conditions (see Experimental
Methods). Similar observations have been noted in studies of water confined in supported
lipid bilayers.” After holding the sample at 50 K for approximately 6 h to obtain R(g,£) and
then reheating to 298 K, we observe a discontinuous increase in elastic intensity at 260 K.
We attribute this hysteresis in <¢2,(T)> to the melting of water that had crystallized within
the LLC morphology during the extended time at cryogenic temperatures. Under analogous
experimental conditions, SO3NMeyd yields comparatively larger <¢A,(T)> values than
CO,NMe,-74d. Based on conclusions by Faraone er a/® for water confined in concave
silica nanopores, we speculate that the more hydrophobic SO3™ headgroup disrupts
interfacial water structure and leads to a larger fraction of mobile water molecules at sub-
ambient temperatures.

Discussion

Confinement within convex, sub-5 nm sulfonate-lined nanopores of aqueous LLCs perturbs
the observed water dynamics. Diffusion is reduced compared to bulk water and the B-values
from FT-KWW fits indicate a distribution of relaxation times across the aqueous channel.
Water diffusion depends primarily upon the hydration level of the LLC system, but also on
nanopore chemical functionalities.

Previous simulations#® and QENS experiments3C explored the roles of hydration level and
surfactant counterion identity (Na*, K*, NMe4*) on water dynamics in CO,M-74d
carboxylate LLCs (Figure 6B). Three related factors were invoked to account for the
observed counterion-specific water dynamics: (1) water-cation electrostatic attractions, (2)
counterion excluded volume, and (3) water-headgroup attractions. The high charge density
of “hard” cations such as Na* decreases water diffusion due to water-cation attractions,’*
while the large physical size of “soft” cations such as NMe4* decreases water diffusion due
to their large excluded volume. Counterion pairing with a carboxylate headgroup increases
in the order NMe,+ < K* < Na* (vide infra),’® directly leading to the strongest water-
carboxylate headgroup attractions for COsNMey-74d and weakest for CO,Na-74d. The
balance between these three effects leads to Dy,0, k+ > DH,0,Na* > DH,0, NMe,* at W =

15. Observations in aqueous salt solutions*® suggest this trend to be hydration independent,
however QENS analyses revealed the trend Dy,o, Kt > DH,0,NMeyt > PH,0,Nat at W = 6

in these carboxylate LLCs. Detailed SAXS analyses of the LLCs demonstrated localization
of the NMe,* ions at the aqueous channel center, which decreases their excluded volume
and increases water diffusion compared to the more homogeneously distributed Na* ions.
While these results indicate counterion distribution within an ionic nanopore influences

J Phys Chem B. Author manuscript; available in PMC 2021 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jackson et al.

Page 13

confined water dynamics, they provide no insights into the impact of surfactant headgroup
on counterion location and the consequent water dynamics.

In order to assess the convex pore dimensions (see Table 1) and counterion spatial
distributions therein, we generated real-space electron density maps (90% isosurfaces) of
these LLC morphologies (Figure 8) from the SAXS data in Figure 2 using a previously
established methodology.30: 35 36, 44, 48-50 \we refer the interested reader to the detail of this
method given the Experimental Methods Section and Supporting Information. The electron
density map for SO3NMe,d A15 phase LLCs at g = 12 (Figure 8A) reveals the expected
tetrahedral close packing of highly faceted micelles nested in a water matrix that has been
documented elsewhere.*8 The water confinement diameter varies widely in this morphology,
ranging from ~16 A between adjacent face-centered micelles to ~40 A between micellar
interfaces along the cubic unit cell diagonal ([111] direction; Table 1). The electron density
profile along [111] exhibits a depression in the electron density at the center of the aqueous
channel indicative of NMe,* counterion localization (Figure 8E).30: 36 We observe a similar
signature of NMe,* localization at g = 15 (Figure S3). Analysis of the SO3NMeyd H,
phase electron density map at the lower hydration g = 6 shows 19 A water nanopores with
marked decrease in electron density adjacent to the micellar interfaces (Figure 8C-E), which
we interpret as NMe4* localization near the sulfonate headgroups (see Figure S4C for
additional evidence). These interpretations of the ion distributions within the LLC
nanochannels are further supported by comparisons of the SO3NMeyud electron density
maps with those of the SOsHd H, and G, p hases (Figures S4 and S5, respectively). The
SO3Hd LLCs show no signatures of counterion localization as the electron density
differences between the H,O molecules and hydrated protons (e.g., H(H,0),*) are too small
to appreciably impact the SAXS intensity profile. SO3Kd electron density maps indicate K*
ion localization with higher electron densities between the flat interfaces of adjacent
micelles in the R, phase and a distinct peak in the electron density at the center of the 25 A
water nanopores of the H, phase (Figure S6).

Conventional wisdom regarding micellar solutions suggests that counterion distributions can
be rationalized solely through headgroup-counterion pairing, yet counterion distributions
within a convex ionic nanopore additionally depend on electrostatic repulsion between
adjacent counterion clouds. On the basis of matching charge densities,”8 77 one would
expect a “hard” carboxylate headgroup to exhibit stronger pairing with counterions of
decreasing radius (e.g. NMe,* << Cs* < K* < Na* < Li* < H*) and a “soft” sulfonate
headgroup to display the reversed order of pairing preference. Contrary to this expectation,
the flatter LLC interfaces of SO3Kd than SO3NMeyd at a given hydration imply tighter ion
pairing for K* than NMe,*. We attribute this observation to long-range electrostatic
correlations between the more point-like K* ions.”® While strong ion pairing explains
NMey* localization at the sulfonate-lined interface at low hydrations, the relatively low
electrostatic penalty for placing “soft” NMe,* ions in close proximity facilitates ion pair
dissociation in SO3NMeyud at ngy = 12 (Figure 8E) and 15 (Figure S3). We analogously
reported highly dissociated NMe,4* ions in carboxylate LLCs.3? The K* and NMe,*
counterion distributions within sulfonate LLCs are thus more similar to their carboxylated
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counterparts than would be anticipated by considering headgroup-counterion dissociation
alone.

The similar counterion distributions within the water-filled pores of both LLC systems
preserve the relative contributions of water-counterion attractions, counterion excluded
volume, and water-headgroup attractions. Consequently, we rationalize the slower water
diffusion for NMe,4* than for K* in both CO,M-74d and SO3Md LLCs in terms of the
larger excluded volume of NMe4* counterions and increased water-headgroup attractions
that overwhelm the K* cation-water attractions. Our results also indicate that H(H,0),*
decreases water diffusion more than K* but less than NMe,*, however, we are unable to
determine whether this effect is due to the size (and charge density) of the protonated water
clusters or their spatial distribution.

These similar structural features between these convex pore morphologies of LLCs also
enable direct comparisons of effect of different pore wall chemistries on confined water
diffusion. For a given counterion and hydration level, the water self-diffusion coefficient is
up to 2.7 times greater in sulfonate LLCs than in their carboxylate analogues (Figure 6). We
attribute the systematically faster water diffusion for the “softer” sulfonate headgroup to
decreased water-headgroup electrostatic attractions (Figure 9). While our experimental
observations conflict with previous MD predictions,® comparisons to QENS studies of
perfluorooctane sulfonic acid (PFOS) LLCs2% 69 further support our interpretation. Berrod
et al. observed almost bulk-like water diffusion with Dg i /<D0> = 1.3 at ugy = 5.4 in a PFOS
L, phase and Dgy/<D> = 1.0 at uy = 14.7 in a convex PFOS H, phase (Table 1). By
comparison, the increased headgroup charge density of SOsHd leads to slower water
diffusion with Dg/<D>=5.5 at wy = 6.5 and Dgy/<D> = 2.9 at ugy = 15. In contrast to
previous studies of concave silica nanopores,*6 our results clearly demonstrate that, even at
ambient temperatures convex nanopore interfacial chemistry strongly influences confined
water diffusion.

Beyond interfacial chemistry, pore curvature is an important consideration in designing
membranes with enhanced performances. We recently demonstrated that sulfonate LLCs
with convex nanopores display water-mediated H* conductivities that are more than 2-fold
higher than concave nanopores of the same confinement diameter due to enhanced
headgroup-counterion dissociation.4 In the context of the current study, we would anticipate
that increased counterion dissociation in convex pores would lead to slower water diffusion.
However, we are unable to compare our present results to benchmark studies of water
diffusion in the concave nanopools of sodium bis(2-ethylhexyl) sulfosuccinate (Na-AOT)
reverse micelles.50: 61 Beyond the obvious differences in surfactant structure and counterion
identity, direct comparisons of water diffusion in convex and concave nanopores may be
inherently problematic due to coupling with the dynamics of the surrounding matrix.”9- 80
Thus future explorations of this dynamical coupling that isolate the effect of pore interfacial
curvature on confined water dynamics are warranted.

J Phys Chem B. Author manuscript; available in PMC 2021 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jackson et al. Page 15

Conclusion

Self-assembled LLCs furnish a well-defined and tunable molecular platform for fundamental
studies of confined water dynamics. QENS analyses of perdeuterated sulfonate LLCs
indicate that confined water diffusion in these convex nanopores depends primarily on the
hydration level, with increasing sensitivity to interfacial chemistry as the pore (confinement)
diameter decreases. Counterions perturb water dynamics through water-cation attractions
and by excluding volume, both of which depend on the physical size of counterions and their
spatial distributions. Despite expected differences in headgroup-counterion pairing, we
surprisingly recover similar counterion-dependent water dynamics in sulfonate LLCs as
those previously reported for carboxylate LLCs. Experimentally-derived electron density
maps demonstrate that, unlike in dilute micellar solutions, counterion distributions within an
ionic nanopore depend on both counterion-headgroup pairing and electrostatic correlations
between adjacent counterion clouds. The relatively similar spatial distributions of
counterions in sulfonate and carboxylate LLCs underlie the similarity in their counterion-
dependent water dynamics. Weaker water-headgroup attractions for sulfonate LLCs result in
systematically faster water diffusion compared to carboxylate LLCs. Additionally, these
results demonstrate that water dynamics in convex nanopores are more sensitive to
interfacial chemical functionalities than previously concluded from concave confining
environments.%6: 81 Judicious designs of nanoporous media for selective water and ion
transport applications should incorporate both pore curvature and interfacial chemistry as
key parameters for tuning confined water dynamics for optimal performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Water—induced self-assembly of perdeuterated, ionic r-alkylsulfonate surfactants yields

LLCs such as hexagonally-packed cylinders (H,) with well-defined convex aqueous
nanochannels, which are lined with —SO3™ headgroup functionalities and filled with
hydrated surfactant counterions. The nanoscopic dimensions and curvatures of the aqueous
nanochannels depend on both hydration (1) and surfactant molecular structure.
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Figure 2.
Synchrotron small-angle X-ray scattering (SAXS) intensity /(g) versus scattering wavevector

g profiles at 25°C reveal the counterion—dependent aqueous LLC phase behaviors of
alkylsulfonate surfactants: (A4) SOzHd forms a normal double gyroid (G)) network at ug =
6.5 in H,O and lamellae (L) at this same uyg in D20, and a hexagonally-packed cylinders
(H)) phase at ug = 15. (B) SO3NMe,d exhibits two phase H,/L, coexistence at np = 6 and
normal Frank-Kasper A15 micellar packings at ngy’s = 12 & 15. (C) SO3Kd at uy = 6 forms
a normal ribbon phase (R|) and at ny = 15 forms a H; phase in H,O and a fluid isotropic
phase (L1) in D2O. Miller indices listed correspond to the expected reflections for each
morphology.
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Figure 3.

Vanadium-normalized QENS spectra for SO3NMe,d at uy = 6 depicting S(g,£) on a
log(intensity) scale versusenergy transfer, £, as a function of scattering wave vector, g, at
298 K. The decreased intensity at g= 1.5 and 1.7 A~ stems from a sample holder artifact.
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Figure 4.
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Representative QENS spectra (thick black circles) and a global fit to Eq. (1) (solid red line)
for SO3NMe,d at ug = 6 for ¢= 0.3, 0.7, and 1.1 A~1 presented on a log(intensity) scale,
along with the four components of each experimental data fit: a linear background term that
is below the cut-off of the graph, a 8-function (dashed blue ling), the scaled D,O background
(dash-dot dark green line), and a stretched exponential FT-KWW function (solid gray line).
As indicated in Eq. (1), the d and stretched exponential functions are convoluted with a
sample-dependent resolution function. The residual (solid red line) below the graphs is on a
linear scale and originates from the excess elastic intensity resulting from Bragg scattering
from the underlying LLC morphology not captured by the fit.
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Plots of 1/<zg> versus ¢ (vertical gray line indicates the data cut off at ¢? = 1.44 A~2), from
which the average water self-diffusion coefficient <> is calculated as the slope of a linear

least-squares regression fit (see Table S3 for R? values). Water translational dynamics

increase in the order NMe,* > H* > K* at both (A) low 1 and (B) high ug, with faster
water diffusion at high ug. We attribute the anomalously large 1/<zg> value of SO3Hd at g
=15and ¢g=1.69 A~2 in panel (B) to signal attenuation from the QENS sample holder.
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Figure 6.

Comparison of the water self-diffusion coefficients (<0>) calculated from a global fit to Eq.
(1) for (A) sulfonate and (B) carboxylate LLCs3C with various counterions and headgroup
hydrations (ug). Error bars represent the estimated £10% uncertainty in the value of <D>.
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150 200 250 300
Temperature (K)

Overlay of the temperature-dependent H-atom mean-squared displacements calculated from
Eq. (2) for SO3sNMeqyd (black diamonds) and COoNMey-74d30 (red squares) at wy = 6 upon
cooling to 50 K. We assume complete dynamical arrest at 50 K (/.e. <t?y (50 K)> = 0). Both
carboxylate and sulfonate LLCs exhibit almost identical values of <t (T)> at 298 K despite
their different surfactant headgroup chemistries.
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Figure 8.
Electron density maps derived from SAXS data for SO3NMe,d LLCs reveal that hydration

level () affects NMe,4* ion localization. (A) 90% isosurface of the A15 phase unit cell at
wp = 12 with polyhedral micelles (pink) surrounded by a water matrix. (B) 2D electron
density map of the (110)-plane in which (A) black lines indicate 10% increments in the
relative electron density. (C) 2 x 2 supercell of the H, phase (01)-plane at ng = 6 showing
cylindrical micelles in a water matrix (b/ue), with the edge of the micelles corresponding to
the 90% isosurface. (D) 2D electron density map of (C) with lines indicating 10%
increments in the relative electron density. (£) Linear electron density profile plotted as
relative electron density versus fractional unit cell coordinate for the [111] direction of the
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A15 (110) plane (black trace; black arrow in A and B) and the [11] direction of the H, (01)
plane (red trace, red arrow in C and D). The marked decrease in electron density at the H
phase micellar interface and depleted electron density at the center of the A15 phase
aqueous channel indicate NMe4* ion localization, as depicted schematically.
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Figure 9.
Surfactant headgroup functionalities primarily affect water dynamics via water-headgroup

attractions such that the lower charge density of the sulfonate headgroup leads to weaker
electrostatic correlations with hydration waters, thus enabling faster water diffusion
compared to the harder and more hydrophilic carboxylate headgroup that tends to tightly
bind water.
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Scheme 1.
Synthesis of Perdeuterated Alkylsulfonate Amphiphiles (SO3Md) for QENS Studies
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Table 1.

Hydration, Counterion, and Surfactant Headgroup Affect Water Dynamics

Amphiphile Hydration Morphology®  Nanopore Diame’cer(,&)d yf <D> (cm?/s)? (x 108) DBu|k/<D>h

SO5Hd W =65 G 14 3.3 42404 55
SO4Hd wp =15 H, 20 2.4 7.9+08 2.9
SO4Kd wo =6 R 17 [10]° 2.0 56+06 41
62 [01]¢
24 11)¢
SO4Kd W = 15 H, 25 2.0 11+11 21
SO;NMe,d w=6 Lo+ Hy 197 1.9 20%0.2 12
SO3NMey,d W = 12 Al5 30 [111]° 2.0 54+05 43
SOsNMeyd W = 15 Al5 a1 1111’ 1.9 65207 35
CONa74d? W= 6 G 13 0.65 +0.07 35
Na-
coNarag?  M6=15 H, 20 52+05 44
Na-
COpK-Tad? W =6 G 13 21%02 11
COK.7ad? W = 15 H, 20 72107 32
K-
CONMer7ag?  W0=6 G 15 0.72 £0.07 32
2 4"
CONMen74g?  10=15 H, 23 4.0+04 5.8
2 4"
CoFgsOH? =54 Lo 18 13
CFosop?  M6=88 Cubic 19 12
817 3
CoFrSOH?  M6=147 H, 23 1.0

aWater dynamics in gemini dicarboxylate LLCs determined using QENS.30
bWater dynamics in perfluorooctanesulfonic acid (PFOS) LLCs determined using QENS.ng 69
DLLC morphologies were determined using synchrotron SAXS (Figure 2).

dWater nanopore diameters were estimated along the specified unit-cell vector [/4/] using electron density map reconstructions (see Supporting
Information). For G| and H| phases from this study and Ref[30], nanopore diameters are along [111] and [11], respectively. The nanopore diameter

listed for SO3NMeyd at ng = 6 is for the H| phase.
eThere several different micelle-micelle distances in the R| and A15 phases that could be defined as the convex pore diameter.

fPower law scaling exponent for 1/<z3> versus g over the range 0.2 Als g<12 AL

gThe water self-diffusion constant determined by a linear least-squares regression of 1/< B> Versus 02 as depicted in Figure 5. The error on this
value is ~10% (see Experimental Methods for error estimation).

h X . . . . -
Measure of confinement-induced change in water dynamics compared to bulk water using Dgy|k = 23 x 10 6 cm2/s from PFG-NMR

measurements.70
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