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ABSTRACT: The impact of pore geometry and functionality
on the dynamics of water nanoconfined in porous media are
the subject of some debate. We report the synthesis and small-
angle X-ray scattering (SAXS) characterization of a series of
perdeuterated gemini surfactant lyotropic liquid crystals
(LLCs), in which convex, water-filled nanopores of well-
defined dimensions are lined with carboxylate functionalities.
Quasielastic neutron scattering (QENS) measurements of the
translational water dynamics in these dicarboxylate LLC
nanopores as functions of the surfactant hydration state and
the charge compensating counterion (Na+, K+, NMe4

+) reveal
that the measured dynamics depend primarily on surfactant
hydration, with an unexpected counterion dependence that varies with hydration number. We rationalize these trends in terms
of a balance between counterion−water attractions and the nanopore volume excluded by the counterions. On the basis of
electron density maps derived from SAXS analyses of these LLCs, we directly show that the volume excluded by the counterions
depends on both their size and spatial distribution in the water-filled channels. The translational water dynamics in the convex
pores of these LLCs are also slower than those reported in the concave pores of AOT reverse micelles, implying that water
dynamics also depend on the nanopore curvature.

■ INTRODUCTION

Nanoconfined water exhibits unusual properties1 because the
presence of an interface disrupts the structure2−4 of its hydrogen
bonding network and perturbs its dynamics.5−7 Confined water
dynamics profoundly influence biomolecule function,8−10

mesoporous inorganic catalyst performance,11 and water and
ion transport through porous polymer membranes.12,13 To
better understand these phenomena, water dynamics have been
investigated in model systems such as the concave nanopools
formed by reverse spherical micelles (RMs)14−16 or at planar
lipid bilayer interfaces.17 However, recent experiments and
related simulations suggest that water rotational dynamics in
convex pores are faster than those in concave ones,7,18 albeit
with some disagreement regarding the magnitude of these
effects. Simulations of protein hydration shells19,20 and experi-
ments on water confined in concentrated protein solutions21,22

also indicate that water dynamics depend sensitively upon
surface chemical functionalities and topologies. Thus, a
fundamental understanding of nanoconfined water dynamics
at convex, functional interfaces is important and may guide the
design of next-generation ion transporting membranes.23

A molecular-level understanding of the factors governing
nanoconfined water dynamics requires a well-defined model
system with tunable pore sizes, interfacial curvatures, and pore
chemical functionalities. Formed by water concentration-
dependent ionic amphiphile self-assembly, lyotropic liquid
crystals (LLCs) are an attractive platform for studying water
dynamics within monodisperse, convex nanopores with tunable
diameters d ≈ 0.7−4 nm (Figure 1).7,24,25 The surfactant
headgroup and charge compensating counterion specify the
interfacial chemical functionalities, while the nanopore diameter
and geometry may be tailored by modifying the headgroup
hydration state or amphiphile structure. LLCs exhibit a variety of
ordered phases with different mean interfacial curvatures,
including lamellae (Lα), hexagonally-packed cylinders (H),
and bicontinuous network phases. Network phase LLCs are
particularly sought after for selective ion transport26 and water
purification27 applications because of their interpenetrating and

Received: June 21, 2018
Revised: September 22, 2018
Published: September 25, 2018

Article

pubs.acs.org/JPCBCite This: J. Phys. Chem. B 2018, 122, 10031−10043

© 2018 American Chemical Society 10031 DOI: 10.1021/acs.jpcb.8b05942
J. Phys. Chem. B 2018, 122, 10031−10043

D
ow

nl
oa

de
d 

vi
a 

C
A

L
IF

O
R

N
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Se

pt
em

be
r 

3,
 2

02
3 

at
 2

0:
32

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCB
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.8b05942
http://dx.doi.org/10.1021/acs.jpcb.8b05942


percolating aqueous and hydrocarbon nanodomains. As shown
by Gin28 andMahanthappa,29,30 gemini (“twin tail−twin head”)
amphiphiles enable robust access to network phase LLCs such as
the double gyroid (GI) morphology (Figure 1).
Previous experimental studies and computer simulations of

LLCs have provided initial insights into how pore geometry and
interfacial chemical functionalities affect nanoconfined water
dynamics therein. A combination of 2D-IR spectroscopy and
molecular dynamics (MD) simulations indicated that water
rotational dynamics in the convex pores of a GI phase of a
disodium dicarboxylate gemini amphiphile (Figure 1) were
faster than those in concave sodium sulfonate-lined Na-AOT
RMs with similar confinement diameters d ≈ 15 Å.7 However,
the more delocalized charge density of the sulfonate headgroups
would lead one to anticipate weaker water−headgroup
interactions31 and faster water dynamics. Thus, this study
suggests that the effects of nanopore curvature may outweigh
those of pore chemistry. To systematically isolate the effects of
confinement diameter, interfacial curvature, and interfacial
chemistry, McDaniel et al.18 compared MD simulations of
disodium dicarboxylate and disodium bis(sulfonate) gemini
surfactant LLCs at identical headgroup hydrations to elucidate
differences in water dynamics in d ≈ 10 Å pores. Their studies
highlight the subtle interplay between the size of a headgroup
(pore) functionality and its short-range interactions with water
molecules, which influence the rotational and translational
dynamics of water in different ways. However, this study
neglected any effects arising from molecular-level details such as
the substantial differences in headgroup−counterion pairing for
sodium carboxylates versus sodium sulfonates,32,33 and the
counterion distributions within the aqueous channels.
In this report, we describe combined small-angle X-ray

scattering (SAXS) and quasielastic neutron scattering (QENS)
studies of nanoconfined water dynamics within the convex pores
of alkyl dicarboxylate gemini surfactant LLCs. To minimize the
incoherent scattering signal from the surfactant matrix in the
QENS measurements, we synthesized new perdeuterated
gemini surfactants that were hydrated with H2O to yield
perdeuterated gemini dicarboxylate LLCs with various counter-
ions, designated Na-74d, K-74d, and NMe4-74d (Figure 1). By

experimentally measuring the dynamic structure factor S(q,E) of
H2O in these selectively deuterated LLCs as a function of the
momentum transfer vector q by QENS, we determine the LLC
water self-diffusion coefficients as functions of overall hydration
and ionic surfactant counterions. We observe that water
diffusivity depends most sensitively on hydration: the dynamics
are faster with increasing hydration. We also find marked
changes in water self-diffusion depending on the identity of the
surfactant counterion (Na+, K+, NMe4

+), including counter-
intuitive variations with surfactant hydration. These results
favorably compare with recently published MD simulations on
exactly these systems,34 which provide a basis for rationalizing
the experimentally-observed trends. The MD simulations
suggest that these trends reflect a competitive balance between
counterion−water attractions and counterion size-dependent
excluded volume in the aqueous nanochannels, while neglecting
entirely the roles of cation−headgroup pairing or the cation
distribution in the channels. While counterion-excluded volume
in a nanopore depends on its size, we use SAXS-derived electron
density maps for the perdeuterated LLCs to demonstrate
directly that the spatial distribution of counterions in the
nanochannels also impacts their excluded volume. Conse-
quently, we revise the physical picture previously presented by
Mantha et al.34 to incorporate the unrecognized role of
counterion distribution on the water dynamics in the ionic
nanochannels of gemini dicarboxylate LLCs. Comparisons of
the measured water self-diffusion coefficient in Na-74d GI
phases to previously reported QENS studies of Na-AOT RMs
unexpectedly suggest that convex pores lead to slower water
translation than concave nanopores.

■ EXPERIMENTAL METHODS
Materials and Methods. Decanoic acid-d19 (98.7% D) and

1,4-dibromobutane-d8 (100% D) were purchased from CDN
Isotopes (Quebec, Canada). Decanoic acid-d19 was used as
received and 1,4-dibromobutane-d8 was distilled, degassed, and
stored under nitrogen and away from light. Tetramethylammo-
nium hydroxide N(CD3)4OD·5D2O (98% D) was purchased
from Cambridge Isotopes Laboratories (Cambridge, MA).
High-purity D2O (99.9% D sealed in ampules) and all other
materials and reagent grade solvents were purchased from
Sigma-Aldrich (Milwaukee, WI), and they were used as received
unless noted. Hexamethylphosphoramide (HMPA) and diiso-
propylamine (HNiPr2) were distilled from CaH2 and stored
under nitrogen. Anhydrous and anaerobic tetrahydrofuran
(THF) was obtained by purging analytical grade solvent with
nitrogen for 30 min followed by cycling through a column of
activated alumina for 12 h in a VacATM Solvent Purification
System (SPS). n-Butyllithium (2.5 M in hexanes) was titrated
against diphenylacetic acid in anhydrous and anaerobic THF
prior to use. Type I ultra-pure water was obtained from a
Thermo Scientific Barnstead NANOpure system (18.2 MΩ·cm
resistivity) and sparged with N2(g) prior to use.

2H and 13C NMR spectra were recorded on either (1) a
Bruker AVANCE 500 spectrometer with a DCH cryoprobe or
(2) a Bruker AVANCE III HD 500 spectrometer with a TCI
cryoprobe. 2H spectra were recorded in protiated CH3OH or
dimethyl sulfoxide (DMSO) and referenced relative to the
residual deuterated solvent resonance. 13C spectra were
recorded in either DMSO-d6 or CD3OD-d4 and referenced to
the solvent peaks. Mass spectrometry was performed using a
Waters (Micromass) LCT electrospray ionization time-of-flight
spectrometer operating in negative ion detection mode with a

Figure 1. Water-driven self-assembly of gemini dicarboxylate
amphiphiles affords well-defined convex nanochannels lined with
carboxylate functionalities and filled with hydrated surfactant counter-
ions. Gemini amphiphiles form bicontinuous double gyroid network
(GI) phases at low hydrations and hexagonally-packed cylinders (HI) at
higher hydrations.
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sample cone voltage of 20 V. Infrared spectra were recorded on a
Bruker Tensor Fourier transform infrared spectrometer (FTIR)
between 4000 and 500 cm−1, using a diamond crystal attenuated
total reflectance (ATR) stage. Combustion analyses (C, H, and
N) were performed by Atlantic Microlab, Inc. (Norcross, GA,
USA).
Perdeuterated Surfactant Syntheses. Perdeuterated

gemini dicarboxylate surfactants were synthesized from
decanoic acid-d19 and 1,4-dibromobutane-d8 by analogy to a
previously reported procedure29 (see the Supporting Informa-
tion for synthesis details). After three recrystallizations from
EtOH, d44-docosane-9,14-dicarboxylic acid was quantitatively
deprotonated using either Na2CO3(s), K2CO3(s), or
(CD3)4NOH(aq.) to yield Na-74d, K-74d, or NMe4-74d,
respectively. These crystalline powders were azeotropically
freeze-dried from C6H6. LLC samples used for QENS
background subtraction (perdeuterated surfactant in D2O)
were additionally freeze-dried from D2O to minimize residual
H2O; the extent of this exchange was quantified using ATR−
FTIR by ratiometric analysis of the intensities of the O−H and
O−D vibrations at 3280 and 2460 cm−1, respectively. Sample
purity and residual water content were determined by elemental
combustion analysis, where deuterium was analyzed as hydro-
gen.
Anal. Calcd forNa-74d: C24D44O4Na2·0.67H2O: C, 57.78; H,

9.16. Found: C, 57.77; H, 9.15. For the background sample
freeze-dried from D2O: Anal. Calcd C24D44O4Na2·0.16H2O·
0.66D2O: C, 57.31; H, 9.15. Found: C, 57.31; H, 9.18.
Anal. Calcd for K-74d: C24D44O4K2·0.75H2O: C, 54.12; H,

8.61. Found: C, 54.14; H, 8.75. For the background sample
freeze-dried from D2O: Anal. Calcd C24D44O4K2·0.23H2O·
0.87D2O: C, 53.31; H, 8.61. Found: C, 53.30; H, 8.72.
Anal. Calcd for NMe4-74d: C32D68O4N2·2.08H2O: C, 59.06;

H, 11.18; N, 4.31. Found: C, 59.05; H, 10.96; N, 4.36. For the
background sample freeze-dried from D2O: Anal. Calcd
C32D68O4N2·1.1 H2O·1.7 D2O: C, 57.56; H, 11.12; N, 4.20.
Found: C, 57.57; H, 10.78; N, 4.14.
LLC Sample Preparation. Purified surfactants were massed

into one dram vials in an argon-filled glovebox. Two sets of
QENS samples were then prepared outside of the glovebox for
each surfactant and hydration: one in H2O and another in D2O
for background subtraction. Accounting for the residual water
content of the crystalline surfactants determined from elemental
analyses, we added precise amounts of type I ultrapure H2O or
D2O to achieve the desired surfactant hydration numbers w0 =
(total moles water)/(moles − CO2

− headgroup) = 6 or 15.
These components were homogenized using successive cycles of
high-speed centrifugation (4996g) and hand-mixing by spatula.
LLC samples were stored in Teflon-capped vials sealed with
Parafilm to minimize sample dehydration.
Small-Angle X-ray Scattering. LLC samples were

characterized by laboratory source and synchrotron X-ray
scattering. Details of the laboratory source SAXS analyses used
to confirm LLCmorphologies prior to QENSmeasurements are
given in the Supporting Information. Synchrotron SAXS
analyses of Na-74d, K-74d, and NMe4-74d LLCs with w0 = 6
and 15 were performed at the 12-ID-B beamline of the
Advanced Photon Source (APS) at Argonne National
Laboratory (Argonne, IL), using a beam energy of 14.00 keV
(λ = 0.8856 Å) and a 2.027 m sample-to-detector distance. 2D-
SAXS patterns were recorded on a PILATUS 2M detector with
1475 × 1679 pixel resolution. Samples were sealed in hermetic
alodined aluminum DSC pans and were measured at 298 K with

a 0.1 s exposure time. All acquired scattering patterns were
calibrated against a silver behenate standard (d100 = 58.38 Å).
The DataSqueeze35 software package was used to azimuthally
integrate 2D-SAXS patterns to produce one-dimensional I(q)
versus q intensity profiles.

QENS Data Acquisition and Analysis. LLC samples were
loaded into aluminum flat-plate cells (3 cm × 5 cm) with a 100
μm gap for QENS measurements. This hydrated sample
thickness was selected to ensure ≥90% neutron transmission,
so that multiple-scattering effects could be neglected. Sample
cells were sealed with an indium wire O-ring under 1000 psi
hydraulic compression at 25 °C. QENS data were collected on
the backscattering spectrometer (BASIS) at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory (Oak
Ridge, TN). In this inverted-geometry neutron spectrometer, a
final neutron wavelength of 6.274 Å set by the analyzer crystals
led to an accessible energy transfer to the sample in the range
−120 < E < 120 μeV with 0.4 μeV resolution. Data were
collected in the range 0.2 ≤ q ≤ 2.0 Å−1 and binned into 0.2 Å−1

groups. The reported q-values for the QENS spectra correspond
to the middle of each of these bins.
Data for each LLC prepared using H2O were first collected at

298 K and then at 50 K, where proton motion ceases, to obtain
the sample-dependent instrument resolution function, R(q,E).
Background samples prepared using D2Owere measured only at
298 K. Data were typically acquired for 6 h, andmeasuredQENS
intensities were normalized to that of a vanadium standard in a
similar flat-plate geometry. For Na-74d (w0 = 6 and 15) and
NMe4-74d (w0 = 6), we also collected elastic intensity scans in 2
K increments while cooling from 298 to 236 K and at 200, 170,
140, 100, and 50 K. Sample temperature was controlled within
±1 K with a 2 min thermal equilibration time and ∼5 min
acquisition time at each temperature.
QENS data reduction and spectral fits employed the Mantid

software suite36,37 including various custom QENS spectral
fitting scripts available at the BASIS beamline. Initial data fits by
either a sum of Lorentzian functions or the Fourier transform of
a Kohlrausch−Williams−Watts (KWW) stretched exponential
function resulted in reasonable χ2 ≤ 5. However, the data were
best fit by the KWW function that assumes a distribution of
water relaxation times in the LLC nanopores (vide infra). More
explicitly, we used the following fitting model
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where S(q,E) is the measured QENS spectra for the
perdeuterated surfactant LLCwithH2O, and the KWW function
pre-factor A(q) is the intensity associated with the quasielastic
scattering fromH2O. The weighting function a(q) applied to the
elastic scattering δ(E) stems from three different contributions:
(1) excess elastic intensity not eliminated by the background
subtraction process due to differences in the coherent contrast
and small-angle neutron scattering (SANS) between the D2O/
perdeuterated surfactant and H2O/perdeuterated surfactant
LLC samples, (2) elastic intensity due to any immobile water H-
atoms on the timescale of the instrument resolution function,
and (3) q-dependent elastic intensity from the elastic incoherent
structure factor, EISF(q), which arises from geometric
restrictions to translational diffusion. The scattering signal
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contributions in square brackets in eq 1 are convoluted with the
sample-dependent resolution function R(q,E) determined at 50
K. Sbackground(q,E) are the measured background spectra for
perdeuterated surfactant LLC samples prepared with D2O
weighted by a scaling term, bw(q), and C(q) is a linear
background.
A sequential fit to eq 1 at each q-value was used to determine

the initial parameters for a global, simultaneous fit for q = 0.3−
1.9 Å−1, using the six fitting variables A(q), τ(q), β(q), a(q),
bw(q), and C(q). For the global fit seeded with these values, the
value of β was assumed to be independent of q. This last
assumption is validated by the observation that the β obtained
from a sequential fit at each q is nearly q-independent (see Figure
S1). Each set of spectra was globally fit a total of five times using
different initial input parameters. Table S1 enumerates
representative global fit values from eq 1 obtained for each
system.
We also performed global, simultaneous fits of the data using

eq 2, in which both bw and β are held constant and optimized
over the range 0.3 ≤ q ≤ 1.3 Å−1
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Representative fitting parameter values obtained using eq 2
are given in Table S2. The optimized values of bw approximately
correspond to the mass ratio of the H2O LLC sample to that of
the D2O background LLC, as expected. The orientation of the
flat-plate sample cell with respect to the incoming neutron beam
significantly attenuates S(q,E) above q = 1.3 Å−1. Consequently,
attempts to perform global, simultaneous fits including data for q
> 1.3 Å−1 with a q-independent bw typically gave poor fits, which
we ascribe to slight differences in the orientations of the H2O
and D2O LLC samples in the neutron beam that result in large
changes in the relative signal attenuation. The χ2 values for the
fits using eq 2 are comparable to those obtained with eq 1.We fit
each set of spectra a total of four times using eq 2, fromwhich we
estimate a±10% relative standard deviation in the obtained self-
diffusion coefficients ⟨D⟩.
The proton mean-squared displacement (⟨ux

2⟩) was also
determined using the temperature-dependent elastic intensity
taken during fixed window scans. The q-dependence over the
range 0.09 Å−2 < q2 < 3.61 Å−2 of the elastic intensity was used to
extract ⟨ux

2⟩ by fitting against

I q
I q

q u
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( )
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where I(q) is the elastic intensity at a given temperature
normalized by the elastic intensity I0(q) at 50 K.

■ RESULTS
QENS is a well-established, noninvasive technique for
measuring water dynamics in a variety of chemical environ-
ments.16,24,38,39 This incoherent scattering technique measures
the broadening in energy transfer (E) around an elastic
scattering peak arising from atomic motion, thus providing a
direct measure of the dynamic structure factor S(q,E) at various
scattering wavevectors (q). S(q,E) contains contributions from

translational, rotational, and vibrational dynamics, which can be
deconvoluted to reveal translational dynamics information.
QENS is particularly suited for studies of water dynamics in

soft materials because of the large incoherent scattering cross
section of 1H as compared to 2H, which enables isolation of the
1H dynamics of interest through selective sample deuteration.
Consequently, we sought to specifically study-confined 1H2O
dynamics within the convex nanopores of LLC materials
comprising perdeuterated ionic surfactants hydrated with
H2O. By analogy to the synthetic procedure developed by
Sorenson et al.,29 we synthesized a perdeuterated gemini
dicarboxylic acid from decanoic acid-d19 and 1,4-dibromobu-
tane-d8 (Scheme 1). Subsequent stoichiometric deprotonation

with Na2CO3(s), K2CO3(s), or (CD3)4NOH(aq) afforded the
analytically pure gemini dicarboxylate amphiphiles Na-74d, K-
74d, and NMe4-74d, respectively.
Synchrotron SAXS confirmed that LLC samples formed with

w0 = (total moles water)/(moles − CO2
− headgroup) = 6 form

normal double gyroid (GI) phases (Ia3̅d symmetry) with cubic
unit cell parameters a = 6.7 nm (q* = 0.94 nm−1) for all three
counterions (Figure 2A). This morphology comprises two
interpenetrating hydrophobic threefold connector networks in a
water matrix as depicted in Figure 1. SAXS analyses of samples
with w0 = 15 reveal the formation of HI phases (P6mm
symmetry) with intercylinder center-to-center distances of 4.0
nm (q* = 1.8 nm−1; Figure 2B) for all counterions. These results
concur with those previously reported for the protiated
surfactant analogs,29 indicating that there is no significant effect
of isotopic substitution on the self-assembly behaviors of these
amphiphiles.
Figure 3 depicts QENS-based S(q,E) for a Na-74d LLC with

w0 = 6 obtained at specific scattering wavevector values (q).
Generally, the quasielastic peak broadens and monotonically
decreases in intensity as q increases. The anomalously low
intensity at q = 1.7 Å−1 stems from a scattering artifact from the
flat-plate sample geometry at the BASIS spectrometer.
Note that the experimentally measured S(q,E) contains

contributions from (1) vibrational dynamics that are faster than
the instrument resolution, (2) surfactant motions, (3) elastic
intensity arising from Bragg scattering (SANS) from the ordered
LLC morphology and from any immobile water molecules on
the timescale of the instrument resolution, and (4) quasielastic
scattering contributions from water dynamics that we seek to
analyze in detail (see the Experimental Methods section for
details). MD simulations by Mantha et al.34 of the systems
experimentally considered here indicate that the H2O residence
times are sub-100 ps at w0 = 6. Thus, any water molecules
immobile on the timescale of the instrument resolution probably
interact strongly with the carboxylate headgroup or counterions,
and that fraction of immobile hydration waters increases as w0

Scheme 1. Syntheses of Perdeuterated Gemini Dicarboxylate
Surfactants (M-74d)
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decreases. However, we are unable to quantify the fraction of
immobile water molecules because of the nontrivial contribu-
tions of SANS to the elastic intensity. In our QENS spectral
analyses, a linear background approximating a frequency-
independent Debye−Waller factor [C(q) in eqs 1 and 2] was
consequently used to account for these vibrational dynamics.
While contributions from surfactant motion are certainly
mitigated by amphiphile deuteration, we further minimized

these contributions by a spectral background subtraction with a
LLC sample prepared with perdeuterated gemini surfactant in
D2O at the same w0. Note that previous QENS investigations of
water diffusion within perfluorosulfonate LLCs made no
attempt to remove such contributions to S(q,E) arising from
surfactant dynamics.40

QENS contributions due to water motion are typically fit
using either a sum of Lorentzian functions or using the Fourier
transform of a KWW stretched exponential function. Mantha
and Yethiraj recently used MD trajectories, from which the
water self-diffusion coefficients ⟨D⟩ were explicitly evaluated, to
calculate S(q,E) and to assess the fitting accuracy of these two
approaches to ⟨D⟩ for water nanoconfined in GI and HI gemini
dicarboxylate LLCs.41 While the intermediate scattering
function (ISF) was better fit by a KWW function than a sum
of Lorentzian functions, they concluded that both fitting
approaches yielded ⟨D⟩ values that were systematically lower
than those calculated directly from the MD trajectories.
Although the deviation for the HI phase was minor, the
deviation in ⟨D⟩ for the GI phase was ∼15%. Upon fitting our
experimental data using both approaches, we found that a KWW
function better fit our QENS spectra than a sum of Lorentzian
functions (lower χ2 values).
The KWW function physically describes water translation

based on a relaxing cage model (RCM) with two fitting
parameters, τ and β.42,43 At short timescales in the RCM, a water
molecule is trapped by its surrounding solvation shell. Thermal

Figure 2. Azimuthally integrated SAXS profiles for perdeuterated gemini dicarboxylates Na-74d, K-74d, andNMe4-74d formed at (A) w0 = 6 match
the expected reflections for a GI phase (diamonds), while those formed at (B) w0 = 15 match the expected reflections for a HI phase (circles). The
asterisk (*) denotes an artifact arising from the sample holder.

Figure 3. Vanadium-normalized QENS spectra for Na-74d showing
S(q,E) on a log(intensity) scale versus energy transfer, E, as a function
of scattering wave vector, q, at 298 K. We attribute the decreased
intensity at q = 1.7 Å−1 to an artifact from the flat-plate sample holder.

Figure 4.Representative S(q,E) measured by QENS (black circles with error bars) and associated global fit from eq 1 (solid red line) forNa-74d at q =
0.3, 0.7, and 1.1 Å−1 presented on a log(intensity) scale. The fit contains four terms: a δ(E)-function (dashed gray line), a linear backgroundC(q) (solid
straight line), a fit of the scaled D2O background bw(q)·Sbackground(q,E) (dash-dot gray line), and a KWW function (solid gray line). The linear scale
residual at the bottom stems from excess elastic intensity from SANS from the underlying, spatially periodic LLC morphology.
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fluctuations structurally relax this cage with a characteristic time
τ, allowing the water molecule to escape and enter a new solvent
cage. The stretching exponent β serves as an indicator of
dynamic heterogeneity, whereby a broader distribution of
relaxation times results in smaller β-values. MD simulations of
the specific gemini dicarboxylate LLCs considered here34

revealed large differences in the residence times of H2O
molecules around headgroups, counterions, and other water
molecules. This apparent dynamic heterogeneity bolstered our
preference for a KWW function as the most physically
reasonable model fit. As detailed in the Experimental Methods
section, we utilized a sequential fit of S(q,E) at each q-value to
generate initial inputs for a simultaneous (global) S(q,E) fit over
all q-values. Overall, the global fits to eqs 1 and 2 are acceptable,
with χ2 < 2 for w0 = 6 and χ

2 < 5 for w0 = 15 (Figure 4; see Tables
S1 and S2 for representative fitting parameters). Note that the
δ(E) apparently does not completely capture all of the elastic
intensity because of SANS from the ordered LLC structure,
resulting in the observed residuals.
The RCM τ and β parameters from the QENS spectral fits

depend on the hydration level and counterion identity. The
relaxation time τ decreases as a function of q (Tables S1 and S2).
We ascribe the large increase in τ at low q to increased residual
elastic intensity from SANS peaks caused by the periodic LLC
morphology. In global fits of the QENS data, we assumed the
stretching exponent (β) to be q-independent (Figure S1; see
ExperimentalMethods section). The value of β≈ 0.75 atw0 = 15
and decreases to β ≈ 0.6 at the lower w0 = 6, implying
increasingly heterogeneous dynamics upon reduction of the
confinement (pore) diameter. Previous studies of water
confined to inorganic nanocages38 and nanoporous silica44

reported comparable β-values that were similarly q-independent.
The KWW fitting parameters can be combined to determine an
average relaxation time (⟨τβ⟩) per Zanotti et al.

45

1τ τ
β β

⟨ ⟩ = Γβ
i
k
jjjj

y
{
zzzz

(4)

For the purposes of QENS analyses, one typically assumes a
decoupling approximation whereby the ISF can be approxi-
mated as the product of the translational ISF and the rotational
ISF where the former function dominates at q ≤ 1.0 Å−1.46 The
decoupling approximation validity has been questioned and
more sophisticated models have been developed to include
coupling,43 although Liu et al.47 found the decoupling
approximation was accurate for q ≤ 0.75 Å−1 with only ∼9%
deviation at higher q-values. Explicit evaluation of the ISF inMD
simulations of water nanoconfined in aNa-74GI phase at w0 = 6
supports this decoupling approximation, by demonstrating that
the signal is dominated by the translational ISF for q < 1.3 Å−1.41

Thus, we focus on data measured between 0.3 Å−1≤ q≤ 1.1 Å−1

in determining the water self-diffusion coefficients ⟨D⟩.
The ⟨τβ⟩ corresponding to unrestricted diffusive motion

should scale as 1/⟨τβ⟩ ≈ qγ, where γ = 2 in the hydrodynamic
limit.38 For all LLCs at w0 = 15 and NMe4-74d at w0 = 6, a
power-law fit over 0.3 Å−1 ≤ q ≤ 1.1 Å−1 reveals γ ≈ 2. For both
Na-74d and K-74d at w0 = 6, γ ≈ 2.4−2.8. The latter deviations
result from the abnormally large values of ⟨τβ⟩ at low q, which we
ascribe to artifacts of the excess SANS (elastic) intensity arising
from Bragg scattering from the spatially periodic GI LLC
structure. Nonetheless, linear least-squares regressions of q2

versus 1/⟨τβ⟩ over the range 0.3 Å−1 ≤ q ≤ 1.1 Å−1 yielded
excellent fits with R2 > 0.95 atw0 = 6 (GI; Figure 5A) andw0 = 15

(HI; Figure 5B) that affirm the validity of these analyses and
enable determination of ⟨D⟩ from the slopes of these plots (see
also Tables S1 and S2). The noted q2-dependence of these plots
coupled with the limiting observation that ⟨τβ⟩→ 0 ps−1 as q→
0 Å−1 strongly implies that we are measuring unrestricted
diffusion in the LLC systems over the length- and time-scales
probed by the QENS measurements. This notion is consistent
with the linear time evolution of the water center-of-mass mean-
square displacement (MSD) reported in complementary MD
simulations of these systems over a 300 ns trajectory.34 By
performing multiple global fits of the QENS spectra using
different initial input values and calculating the relative standard
deviation of the resulting self-diffusion coefficients given in
Table 1, we estimate a fitting error of ±10%. We also obtain
slightly different results for ⟨D⟩, if we allow the background
scaling parameter, bw, to vary with q (eq 1) as opposed to
treating it as a q-independent variable (eq 2) in our global fit.
While most of the ⟨D⟩ values obtained via these different fitting
approaches fall within the stated ±10% uncertainty, the ⟨D⟩
values for Na-74d and K-74d at w0 = 15 differ by 19 and 15%,
respectively. In view of this estimated QENS data fitting error
and the systematic errors previously estimated from MD
simulations,41 we focus our discussion on qualitative trends in
water dynamics as functions of surfactant counterion and
hydration. We note that the remarkable consistency of the
following qualitative trends and those uncovered in independ-
ently derived, complementary MD simulations of these same
LLC systems34 support the validity of the above analysis.
⟨D⟩ strongly depends on both the surfactant counterion and

the overall LLC hydration state, w0. In the HI phase at w0 = 15,
water diffusion between the lipidic cylinders slows modestly
relative to bulk water:49,50

Figure 5.Water self-diffusion coefficient ⟨D⟩ was determined from the
slope of 1/⟨τβ⟩ vs q2 plots, using a linear least-squares regression
(dashed lines) over the range q = 0.3−1.1 Å−1 (vertical dashed line),
where translational and rotational motions are sufficiently decoupled.
Water diffusivity decreases in the order K+ > NMe4

+ > Na+ for w0 = 6
(A), and the order changes to K+ > Na+ > NMe4

+ when w0 = 15 (B).
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w0 = 15 K-74d Na-74d NMe4-74d
DBulk/⟨D⟩ 2.7 3.6 6.0

As hydration decreases to w0 = 6 in the GI phase, water
diffusion in the labyrinthine pores slows significantly with a
different counterion-dependent trend:

w0 = 6 K-74d NMe4-74d Na-74d
DBulk/⟨D⟩ 9.7 33 38

To further explore the differences in water confined in Na-
74d and NMe4-74d, we conducted elastic intensity scans from
50 to 298 K. These experiments were performed on cooling to
minimize disruption of the LLC phase by water crystallization
and breakout from the soft lipidic nanoconfinement. From these
data, we obtained the hydrogen atom mean-squared displace-
ment (MSD) as a function of temperature (⟨uX,H

2(T)⟩) (Figure
6).38 Values were normalized by assuming all diffusive motion

ceased and the amplitude of harmonic vibration is minimal at 50
K (⟨uX,H

2(50 K)⟩ = 0). We obtain physically reasonable values
for the H-atom MSD in each case: ⟨uX,H

2⟩ = 0.17 Å2 for Na-74d
at w0 = 6 and ⟨uX,H

2⟩ = 0.23 Å2 at w0 = 15 at 298 K. For NMe4-
74d at w0 = 6, ⟨uX,H

2⟩ = 0.13 Å2. These observed H-atomMSDs
at 298 K are slightly larger than those of 0.06−0.14 Å2 observed
for water confined within mesoporous silicas with ∼2−3 nm
diameter pores51,52 and those of 0.12 Å2 observed for water

confined in polyoxometallate cages.38 However, the observed
MSDs are smaller than that observed for bulk water.53 Takahara
et al. noted that the MSD in functionalized silica pores decreases
with the decreasing pore size,51 consistent with the observed
trend inNa-74d from w0 = 15 to w0 = 6. Franks et al.54 similarly
observed that the H-atom MSD in aqueous solutions of
(CH3)3COH (tBuOH) decreases as the tBuOH concentration
increases (tighter confinement). The fact that theMSD in the GI
phases is greater for water in Na-74d than NMe4-74d at 298 K
likely reflects the increased volume excluded by the physically
larger NMe4

+ counterions.
When T < 275 K, the order reverses such that the MSD is

higher in NMe4-74d at lower temperatures. This crossover may
stem from differences in the temperature-dependent solvation of
the softer and more hydrophobic NMe4

+ ion as compared to the
hydrophilic Na+ ion. Similar effects have been noted in aqueous
solutions of NMe4Br

55 and with other hydrophobic solutes such
as tetramethylurea and trimethylamine N-oxide (TMAO),56

whereby water rotational dynamics accelerate relative to bulk
water below a threshold temperature. The MSD gradually
decreases with temperature for both samples atw0 = 6, signifying
a shrinking fraction of mobile 1H atoms. Similar behavior has
been noted in the hydration-dependent behavior of water
confined between lipid bilayers,17 indicating that water confined
in the LLC gyroid nanopores behaves as if it is a supercooled
liquid at temperatures as low as 50 K. In contrast, we observe a
sharp decrease in the MSD at ∼265 K for Na-74d at w0 = 15.
Physically, this observation indicates that theH-atom vibrational
amplitudes sharply decrease over a narrow temperature range, as
expected for water crystallizing into ice. Previous studies of bulk
water57 and water confined between lipid bilayers58,59 reported
similarly sharp discontinuities in the elastic intensity (related to
the MSD) that were assigned to bulk-like water crystallization.
Because of the noncovalent nature of the self-assembled LLCs,
bulk water crystallization at the higher hydration w0 = 15 may
occur by disruption of the supramolecular morphology.

■ DISCUSSION

In electrolyte solutions, the observed water dynamics depend on
both counterion−water attractions and counterion-excluded
volume. Because the strength of the counterion−water
attractions depends on the charge densities of the ions,31,34,60

the water self-diffusion coefficients should decrease in the order
NMe4

+ > K+ > Na+. On the other hand, the physical size of the
counterion embodied in its excluded volume leads to slower
water dynamics by sterically impeding the approach of new
hydrogen bonding partners.60 On the basis of counterion-

Table 1. Dependence of Nanoconfined LLC Water Self-Diffusion Coefficients on Hydration and Counterion

surfactant hydration morphologya nanopore diameter (Å)b ⟨D⟩ (cm2/s)c (×106) eq 1 ⟨D⟩ (cm2/s)c(×106) eq 2 DBulk/⟨D⟩
d

Na-74d w0 = 6 GI 13 0.61 ± 0.06 0.65 ± 0.07 38
Na-74d w0 = 15 HI 20 6.4 ± 0.6 5.2 ± 0.5 3.6
K-74d w0 = 6 GI 13 2.4 ± 0.2 2.1 ± 0.2 9.7
K-74d w0 = 15 HI 20 8.4 ± 0.8 7.2 ± 0.7 2.7
NMe4-74d w0 = 6 GI 15 0.69 ± 0.07 0.72 ± 0.07 33
NMe4-74d w0 = 15 HI 23 3.8 ± 0.4 4.0 ± 0.4 6.0
Na-AOT48 w0 = 3 RM 14 2.80 8.6
Na-AOT16 w0 = 5 RM 30.8 5 4.6

aMorphologies determined by synchrotron SAXS (see Figure 2). bWater nanopore diameters were estimated using electron density reconstructions
(90% isosurface; see text for details). cWater self-diffusion constant determined from Figure 5, which derive from global fits of QENS spectra to
either eqs 1 or 2. dConfinement-induced change in water dynamics determined by eq 1 as compared to DBulk = 2.299 × 10−5 cm2/s for bulk
water.49,50

Figure 6. Both hydration and counterion identity influence the
observed temperature-dependent H-atomMSDs of LLCs ofNa-74d at
w0 = 6 (red) and w0 = 15 (green), and the NMe4-74d LLC at w0 = 6
(black). At 298 K and w0 = 6, the MSD in the NMe4-74d sample is
lower than that of Na-74d because of the greater excluded volume of
the larger counterion. The H-atom MSD is larger at the higher
hydration for Na-74d LLCs at temperatures above the onset of water
crystallization for the w0 = 15 sample near 265 K (see text for details).
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excluded volume alone, one would expect water diffusivity in
these aqueous electrolytes to decrease in the order Na+ > K+ >
NMe4

+. Experimental61,62 and MD simulation investigations34

have shown that water diffusivity in aqueous MCl solutions
actually decreases in a different order: K+ > Na+ > NMe4

+. Thus,
the large excluded volume of the NMe4

+ ion outweighs its low
charge density and cation−water attractions induce slower water
diffusion for Na+ than for the more polarizable K+. Furthermore,
more recent MD simulations reveal that water diffusion for MCl
solutions exhibits the same counterion-dependent trend at w0 =
6 as at w0 = 15.34 These results demonstrate that the relative
contributions of counterion-excluded volume and counterion−
water attractions remain constant over this hydration range in
homogenous aqueous electrolytes.
QENS measurements of water dynamics in gemini dicarbox-

ylate LLCs divulge significant perturbations in water diffusivity
within the carboxylate-lined sub-2.5 nm pores. The low β-values
from KWW fits indicate that water dynamics are increasingly
heterogeneous at low hydrations. In agreement with previous
experimental studies of confined water,63,64 the magnitudes of
the water self-diffusion coefficients in LLCsmarkedly differ from
those observed in aqueous ionic solutions. Brown et al.
demonstrated that QENS and 1H NMR yield similar water
diffusion coefficients for concentrated NMe4Cl solutions.

61 At
high hydrations of w0 = 15 (∼3.7 m salt in H2O), DH2O,MCl
measured by NMR in aqueous monovalent electrolyte solutions
of NaCl, KCl, or NMe4Cl is similar to that of bulk water,
presumably because of the relatively low ion concentration.
However, DH2O,MCl within those aqueous electrolytes is still
faster than that in water confined in HI LLCs with w0 = 15 by
factors of 3, 3, and 5, respectively.61,62 The magnitude of this
divergence increases with LLC pore diameter reduction: water
diffusion in NMe4Cl at w0 = 4.5 is 10 times faster than in the
NMe4-74dGI LLC at w0 = 6. While NaCl and KCl are insoluble
in water at hydrations comparable to our QENS experiments,
MD simulations of such solutions at w0 = 6 confirm this trend.34

The present experiments and recent companion MD
simulations34 of water confined within the convex nanopores
of gemini dicarboxylate LLCs demonstrate that its dynamics
depend on counterion−water attractions and counterion-
excluded volume (Figure 7). In LLCs at w0 = 15, we observe
⟨DH2O,K

+⟩ > ⟨DH2O,Na
+⟩ > ⟨DH2O,NMe4

+⟩ (Table 1). This
counterion-dependent trend is exactly that reported for bulk
electrolyte solutions,61,65 supporting the idea that both counter-
ion−water attractions and counterion-excluded volume influ-
ence confined water diffusion. Because the difference in
excluded volume between Na+ and K+ is negligible,34 we reason
that the higher charge density of Na+ drives increased
counterion−water attractions that slow water diffusion in Na-
74d LLCs (Figure 7A). On the other hand, the large and
polarizable NMe4

+ ion occupies a large fraction of the aqueous
channel volume and sterically slows water diffusion (Figure 7B).
This microscopic trend in the excluded volume is consistent
with the observed decrease in the MSD at 298 K between Na-
74d and NMe4-74d shown in Figure 6, as well as the changes in
the water volume fraction documented in complementary MD
simulations.34

Unlike previous studies of electrolyte solutions and of water
confined within AOT RMs,64,66 we observe a counterion-
dependent trend in water diffusion that depends on LLC
hydration. Unexpectedly, we observe ⟨DH2O,K

+⟩ > ⟨DH2O,NMe4
+⟩ >

⟨DH2O,Na
+⟩ at w0 = 6. While MD simulations of these systems

attributed this crossover in counterion-dependent water
dynamics to the heightened importance of counterion−water
attractions at low hydrations,34 this reasoning fails to explain
why water diffusion in LLCs differs from concentrated salt
solutions. Previous studies by Levinger and co-workers of
nanoconfined water dynamics in concave AOT RMs demon-
strated the principal role of counterion−water attractions, as
water dynamics primarily correlate with the counterion charge
densities (Ca2+, Na+, K+, and NH4

+) over the hydration range w0
= 1.1−5.0.64,67,68 While subsequent MD simulations of AOT
RMs with Na+, K+, or Cs+ counterions affirmed this trend atw0 =
5, Ladanyi and co-workers also argued that AOT RM water
dynamics are also affected by differences in the spatial
distribution of the counterions.66

The high-resolution synchrotron SAXS data presented in
Figure 2 provide opportunities to directly assess the counterion
distributions in the aqueous nanochannels of gemini surfactant
LLCs, by reconstruction of real-space electron density maps.
Following an established methodology,69−72 we used the
JANA2006 software package73 to conduct a Le Bail refinement
of the SAXS patterns in Figure 2 to extract the structure factor
intensities for each observed SAXS peak. Using these Fourier
amplitudes as inputs for the “charge-flipping” algorithm
SUPERFLIP, we reconstructed an electron density map for
each studied LLC morphology (see the Supporting Information
and Table S3 for details).74 Electron density maps of the GI
phase (90% isosurface) reveal the expected pair of inter-
penetrating networks of threefold lipidic connectors nested in a
water matrix (Figure 8A). Although the local nanopore diameter
varies slightly throughout this morphology,75 we define the
aqueous channel diameter for the GI network as the distance
between adjacent hydrophobic cables along the [111] direction.
We estimate that the convex pore confinement diameter in the
GI LLC is d ≈ 13 Å; similar analyses for HI phase e− density
maps (Figure S2) indicate water nanopores with d ≈ 20 Å along
[11] direction (Table 1). Further inspection of the electron
densities in the (110) plane (Figure 8B) and 1D e− density

Figure 7. Counterion−water attractions and counterion-excluded
volume result in slower water dynamics. (A) Increased charge density of
smaller ions results in stronger counterion−water attractions which
slow water diffusion. (B) While counterion-excluded volume depends
only on the physical size of the counterion in concentrated electrolyte
solutions, counterion-excluded volume in ionic nanopores depends on
both the ion size and their spatial distribution.
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profiles along [111] direction in that plane (Figure 8C) reveal
pronounced differences between the NMe4-74d GI phase and
theNa-74d orK-74d analogs. TheNMe4-74dGI phase exhibits
depressed e− density at the centers of the aqueous nanochannels
with a width of∼6 Å, which we ascribe to the spatial localization
of the NMe4

+ counterions near the center of the GI nanopores
(Figure 8D). In contrast, the linear e− density profiles for the
Na-74d and K-74d GI phases along the [111] direction in the
(110) plane vary smoothly from the hydrophobic cable surface
to the aqueous channel center, implying a more uniform
distribution of the inorganic counterions in the nanopores
(Figure 8D). Notably, we observe no sign of counterion
localization in the HI phase electron density maps for any of
these systems (Figure S2).
Previous neutron diffraction studies76,77 did not find any

signature for NMe4
+ ion localization in concentrated NMe4Cl-

(aq) solutions, in contrast to that in the pores of NMe4-74d GI
LLCs (Figure 8). Ion localization decreases the excluded volume
of NMe4

+ and results in faster than expected H2O dynamics for
the NMe4-74d LLC. In contrast, we find no evidence for alkali
cation localization within the GI nanochannels, presumably
because of the strong electrostatic repulsions between the highly
correlated, point-like charges.78

The observation ⟨DH2O,NMe4
+⟩ > ⟨DH2O,Na

+⟩ is especially
surprising, given the changes in the magnitude of the
interactions between water and the −CO2

− headgroups, which
depend on the extent of surfactant headgroup−counterion
pairing. Dilute micellar solution measurements79 indicate that
cation association with alkyl carboxylate headgroups increases in

the order NMe4
+ < K+ < Na+. Thus, headgroup−water

attractions are the strongest for NMe4
+ and the weakest for

Na+. In spite of these changes in headgroup−water attractive
interactions, ion localization apparently decreases the volume
excluded by NMe4

+ ions enough, so that the water attractions to
the more homogeneously distributed Na+ ions dominate the
water diffusion. Unlike in concentrated salt solutions, counter-
ion-excluded volume in an ionic nanopore thus depends not
only on the physical size of the counterions but also on their
spatial distribution (Figure 7B).
Within LLC nanopores lined with ionic functionalities, pore

interfacial curvature also apparently influences water dynamics.
The data presented in Table 1 reveal that water diffusion is
significantly slower within the convex pores of Na-74d LLCs
than in the concave pores of Na-AOT RMs. Water diffusion
within the 13 Å diameter pores of the Na-74d GI LLC at w0 = 6
displays DBulk/⟨D⟩ = 38. However, Na-AOT RMs with a similar
14 Å confinement diameter at w0 = 3 exhibit DBulk/⟨D⟩ = 8.6,48

whereas those of a similar hydration of w0 = 5 exhibit DBulk/⟨D⟩
= 4.6.16 In work by Spehr et al.,48 the width of the Lorentzian
representing water translational dynamics approaches 0 μeV as q
→ 0 Å−1, indicating that water in the Na-AOT RMs is not
“trapped” over the QENS measurement timescale. Part of the
difference in water diffusion between Na-AOT RMs and Na-74
LLCsmay arise from the softer−SO3

− headgroup and its weaker
water interactions, although this effect should be counter-
balanced by a concomitant increase in the pore volume excluded
by the large anionic headgroup. However, it is unlikely that these
differences in pore chemical functionalities alone account for the

Figure 8. (A) GI phase electron density map (90% isosurface) derived from SAXS data for theNa-74d LLC atw0 = 6, fromwhich the distance between
lipidic cables (pink) along the [111] direction was used to estimate the aqueous nanochannel diameter. (B) 2D electron density maps (absolute scale)
of the (110) plane of the GI phase, where regions of lower electron density (red) correspond to the hydrophobic cables and regions of higher electron
density (blue) correspond to the water and counterions. (C) Linear electron density profile along the [111] direction in the (110) plane (black arrows
in B). The depleted electron density at the center of the aqueous channel of the NMe4-74d LLC indicates NMe4

+ counterion localization at the
nanochannel center, while the smooth electron density profiles for Na-74d and K-74d LLCs indicate a more homogeneous distribution of the
inorganic counterions therein. (D) Schematic depiction of the counterion distributions in the aqueous channels of NMe4-74d and Na-74d LLCs
contrasting the highly localized NMe4

+ ions (black) to the more homogeneously distributed Na+ ions (red).
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large changes in water diffusion betweenNa-74d LLCs andNa-
AOT RMs. Work by the groups of Szleifer and Grzybowski80

and our group23 demonstrate that the degree of ionization of
interfacial functionalities depends sensitively on surface
curvature. Concave interfaces place pore wall functionalities in
close proximity, favoring the formation of tightly bound ion pairs
to mitigate intermolecular electrostatic repulsions between
dissociated ions. This molecular picture is consistent with
observations that counterion association increases as Na-AOT
RM size decreases.63 Convex interfaces allow increased levels of
ion dissociation (Figure 1), which slows water diffusion by virtue
of increased counterion−water attractions and counterion-
excluded volume effects. Additionally, tightly associated ion
pairs at a concave interface may be expected to behave more like
nonionic moieties, possibly explaining the observed insensitivity
of water dynamics to the chemical nature of an RM interface.15

Differences in the water self-diffusion constants of Na-74d
LLCs andNa-AOTRMs could also originate from differences in
the interfacial functional group densities in each of these self-
assembled systems. Assuming that a Na-AOT RM forms a
perfect spherical water nanopool and using the RM dimensions
from MD simulations by Harpham et al.,66 we geometrically
calculate that the sulfonate headgroups at w0 = 5 are located
∼8.4 Å apart. Analogously, using the RM dimensions from
Harpham et al. at w0 = 2.5, we estimate that the −SO3

−

headgroups in Na-AOT at w0 = 3 are separated by ∼8.2 Å.
From the unit cell dimensions and a geometric model for the GI
phase (see Table S4),81 we estimate that the −COO−

headgroups are situated ∼7.2 Å apart for Na-74d at w0 = 6.
Thus, the increased density of interfacial headgroups may
contribute to slowing the water diffusion within Na-74d LLCs.
Ongoing studies focus on water dynamics in sulfonate-based
LLCs to investigate the detailed effects of headgroup chemistry
and interfacial curvature.
While the present study demonstrates that water translational

dynamics are markedly slower inNa-74d LLCs than inNa-AOT
RMs, recent combined experimental and theoretical 2D-FTIR
studies revealed that water rotational dynamics are faster in the
Na-74GI phase (w0 = 6.5) as compared to aNa-AOT RM (w0 =
2) at similar nanoconfinement diameters.7 InMD simulations of
carboxylate- and sulfonate-based LLCs at identical hydrations
and convex pore interfacial curvatures, McDaniel et al.18

observed faster rotational dynamics yet slower translational
dynamics for water in sulfonate-based LLCs. In aggregate, these
studies suggest that H2O rotational dynamics are more affected
by the intrinsic geometry of the confining interface as a result of
“curvature-induced frustration,”82 which favors faster rotational
dynamics for convex interfaces. In contrast, water translational
dynamics are more dependent on the degree of headgroup−
counterion dissociation and the counterion distribution within
the water-filled nanochannel, which depend on the geometry of
the confining interface and favors slower translational dynamics
for convex interfaces. These results also indicate that confined
water resembles a supercooled liquid, wherein changes in
rotational and translational dynamics may no longer be
coupled.83 Similar “glass-like” behavior has been noted in
concentrated electrolyte solutions.84 As noted in previously
published MD simulations of the systems experimentally
considered here,85 rotation and translation are increasingly
decoupled at low hydrations. Thus, a complete understanding of
nanoconfined water dynamics requires separate quantification of
rotational and translational dynamics.

■ CONCLUSION
QENS analyses of water nanoconfined in aqueous LLCs of
dicarboxylate gemini surfactants demonstrate that translational
H2O dynamics sensitively depend on multiple features of the
confining medium. Our experiments show that water dynamics
depend principally on the hydration state of the system, in
accord withMD simulations of water in these LLCs.18 However,
translational water dynamics also strongly depend on the
identity of the surfactant counterions and where they are
situated in the aqueous nanochannels because of the subtle
competition between counterion−water attractions and
counterion-excluded volume. While the counterion-excluded
volume in concentrated salt solutions depends only on their
physical size, we demonstrate that the counterion-excluded
volume in an ionic nanopore also depends on their spatial
distribution. By comparing our results for water diffusivity
within the convex pores of LLCs with those measured in the
concave pores of AOT RMs, we demonstrate that pore
interfacial curvature nontrivially influences nanoconfined
water dynamics within a given system at similar hydrations
and confinement diameters. These results also highlight the fact
that translational and rotational dynamics may be decoupled in
confined media, and thus care must be exercised in correlating
these phenomena. In summary, hydration, interfacial curvature,
and interfacial chemical functionalities are important variables
that may be used to subtly manipulate nanoconfined water
dynamics in various applications.
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