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ABSTRACT: The dynamics of water confined to nanometer-sized domains is P, |
important in a variety of applications ranging from proton exchange membranes to /
crowding effects in biophysics. In this work, we study the dynamics of water in gemini r
surfactant-based lyotropic liquid crystals (LLCs) using molecular dynamics
simulations. These systems have well characterized morphologies, for example,
hexagonal, gyroid, and lamellar, and the surfaces of the confining regions can be
controlled by modifying the headgroup of the surfactants. This allows one to study the L _
effect of topology, functionalization, and interfacial curvature on the dynamics of -
confined water. Through analysis of the translational diffusion and rotational relaxation, I
we conclude that the hydration level and resulting confinement length scale is the
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predominate determiner of the rates of water dynamics, and other effects, namely,
surface functionality and curvature, are largely secondary. This novel analysis of the water dynamics in these LLC systems
provides an important comparison for previous studies of water dynamics in lipid bilayers and reverse micelles.

1. INTRODUCTION

Many biological and chemical systems are composed of water
in various states of nanoconfinement. For example, phospho-
lipid membranes,’ reverse micelles,” nanotubes, silica nano-
pores,4 Nafion membranes,” and surfactant-based lyotropic
liquid crystals (LLCs)® all exhibit hydration levels at which
water is confined to nanometer-sized regions. In these systems,
the dynamics of water is dramatically altered relative to the
bulk,”® affecting nearly all other kinetic phenomena, including
small-molecule and ion transport. A fundamental knowledge of
how confinement affects water dynamics is therefore essential
for understanding many important biological processes as well
as materials applications.

Of particular interest is the extent to which the specific
confinement topology affects the water dynamics. For example,
one might expect that the curvature of the confining region is
important, with negative curvature (water inside reverse
micelles) being more restrictive than flat (water at a lamellar
bilayer), or positive curvature (water at a cylinder).
Correspondingly, reverse micelles and phospholipid bilayers
have served as prototypical systems for studying the dynamics
of nanoconfined water, with both experimental””~>* and
theoretical studies” " examining the effect of these different
confinement topologies. Contradictory conclusions exist as to
the influence of the interfacial curvature of the confining
surface: Moilanen et al.'® concluded that differences in
interfacial curvature of reverse micelles and lamellar lipid
bilayers had a small effect on water dynamics. However, Roy et
al.’' recently reached a very different conclusion, suggesting
that differences in curvature of reverse micelles and gyroid-
phase LLCs significantly affected water dynamics.
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In addition to the curvature, the chemical functionalization of
the interface is expected to affect the water dynamics. Indeed it
has been shown that the functionalization of the interface
dictates the surface structure of water.”” " Surface—water
hydrogen bonds may have significantly different energies
relative to bulk water hydrogen bonds,®'¥*”*° potentially
affecting the water dynamics.””~** However, spectroscopic
studies of both ionic and nonionic surfactant-based reverse
micelles implied that the nature of the interface was of
secondary importance for the orientational relaxation of
water."”

A significant complication in previous studies is the inability
to directly isolate the different effects of surface functionality,
curvature, and relative hydration level within different confining
media. In this work, we investigate the dynamics of water in
gemini surfactant-based LLCs.”"'™** These are ideal systems
because they exhibit a variety of morphologies of different
interfacial curvature including lamellar, gyroid, and hexagonal
phases.® In addition, these phases are modulated by varying the
surfactant linker or tail length, headgroup, counterion, temper-
ature, or hydration level.**"” To our knowledge, only a handful
of studies®*”** have examined the dynamics of water in these
systems.

In this work, we systematically isolate the effects of
morphology, water content, and surfactant functionality on
the water dynamics in gemini surfactant-based LLCs. Using
molecular dynamics (MD) simulations, we compare the
dynamics of water in three different LLC morphologies,
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hexagonal, gyroid, and lamellar phases, at identical water content;
this allows direct characterization of the effect of morphology
and interfacial curvature on the dynamics at constant hydration
level. Additionally, we study both carboxylate and sulfonate
surfactant-based LLCs, allowing analysis of the effect of surface
functionalization. As a reference, we characterize longer-tail
surfactant lamellar phases at varying hydration level. The water
dynamics in all of these systems is characterized through the
translational diffusion and rotational relaxation.

Our general conclusion is that hydration level and confine-
ment length scale predominately determines rates of water
dynamics, and variables such as interfacial curvature and surface
functionalization are secondary in importance. Because the
water content and confinement length scales of the gemini
surfactant-based LLCs are comparable to the analogous
parameters of reverse micelles and lipid bilayers, our work
provides an important comparison for the large body of
research focused on the latter systems. Additionally, we believe
that our present study is advantageous in its unequivocal
isolation of the distinct effects of interfacial curvature, surface
functionalization, and water content. We finally note that the
systematic comparison of this work is possible only through
computer simulations, because some of the LLCs are
metastable and may not be experimentally accessible.

2. METHODS

We study a total of 11 gemini surfactant-based LLCs,
composed of different surfactants at different hydration levels;
henceforth, the hydration level is denoted by 4, the number of
water molecules per surfactant (note that A/2 is then the
number of water molecules per headgroup). The gemini
surfactants, shown in Figure 1, are denoted by “Head-

NtaiI=7/1 3
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Figure 1. Gemini-surfactants utilized in this work. For example,
nomenclature SO;-13(4) denotes a gemini surfactant with sulfonate
headgroups, 13 carbon atoms constituting each tail, and four linker
carbon atoms.

Neit(Niini)”, where “Head” is the surfactant headgroup (CO,~
or SO;7), Ny, is the number of carbon atoms of the surfactant
tails (we consider N; = 7 or 13), and Ny, is the number of
carbon atoms in the linker (here, Ny, = 4). All systems are
then composed of such surfactants, sodium counterions, and
water molecules. Five systems are lamellar phases of CO,-
13(4), at hydration levels 4 = 6.1, 10, 12.9, 13.9, and 18. Three
systems are lamellar, hexagonal, and gyroid phases of CO,-7(4)
at hydration levels 41 = 6.1, 12.9, and 12.9, respectively. The
remaining three systems employ sulfonate headgroups, all at
hydration level A = 12.9 and are composed of surfactants SO;-
13(4), SO5-7(4), and SO;-7(4) for the lamellar, hexagonal, and
gyroid phases, respectively. The composition and unit cells of
these 11 systems are detailed in Table 1. We refer the reader to
the work of Sorenson et al. for a discussion of the topology of
the hexagonal, gyroid, and lamellar LLC morphologies.6

The LLCs are constructed using MD simulations. The gyroid
phase of CO,-7(4) is taken from the previous work of Mondal
et al,* and the lamellar phase of CO,-7(4) is taken from the

previous work of McDaniel et al.>' The CO,-7(4) hexagonal
phase and CO,-13(4) lamellar phases are self-assembled
utilizing appropriately chosen unit cells (vide infra). After
self-assembling the first CO,-13(4) lamellar phase, structures at
additional hydration levels are formed by expanding or
contracting the unit cell, adding or removing water molecules,
and subsequent reequilibration. All sulfonate-surfactant mor-
phologies are created from the corresponding carboxylate-
surfactant morphologies by replacing the headgroups and then
reequilibrating the systems.

MD simulations are conducted using the GROMACs-4.5
software package.”” The NPT ensemble is used for
equilibration, employing isotropic pressure coupling for the
gyroid phases and semi-isotropic pressure coupling for the
lamellar and hexagonal phases, utilizing the Berendsen
barostat™ and Nose—Hoover thermostat;>”>> all simulations
are at 300 K and 1 bar. The particle mesh Ewald (PME)
algorithm‘% is used for electrostatics, and long-range van der
Waals (VDW) interactions are cutoff at 1.4 nm. Equilibration
times range from 50 to 500 ns, as determined by convergence
of characteristic peaks of the structure factors, verifying LLC
phase formation (vide infra). After equilibration, 100 ns NVT
simulations are used for property characterization. All
simulations employ the GROMOS force field®” for the
surfactant and sodium ions, in conjunction with the SPC
model®® for water. Charges for the surfactant headgroups were
determined based on quantum mechanical calculations, with
values of gc = 0.27, go = —0.635 for carboxylate and g5 = 0.905,
go = —0.63S for sulfonate. Structure factors are computed using
f-spline interpolation followed by discrete Fourier transform
(DFT), as is done in the PME approach®® and described in the
recent work of Mantha et al.*’

To characterize the water dynamics, we compute transla-
tional self-diffusion coeflicients and rotational correlation
functions. Diffusion coefficients are calculated by

1 KIRge(t) — 7Hzo(0)|2>
Dy o = lim —
? t—oco 6 ot (1)

The rotational correlation function is calculated for the

molecular axis zj; o, which is the unit vector perpendicular to

the H-O—H water plane. The characteristic rotational
relaxation time, 7, is defined as the integral of the rotational
correlation function,

o= " dt (zi,0t) 21,0(0)) 2)

3. RESULTS

3.1. Stability Considerations. We are able to create in
silico morphologies that are not accessible in experiment by
exploiting the small free energy differences between morphol-
ogies. Recent work by Mantha et al.®® has suggested that
different gemini surfactant-based LLC phases may be separated
by very small free energy differences over a range of hydration
levels. In practice, this means that LLC phases that are not
observed experimentally may be metastable in computer
simulations that involve finite systems and finite time scales.
Additionally, standard simulations in the NPT ensemble
utilizing either isotropic or semi-isotropic pressure coupling
introduce a constraint on the LLC periodicity based on the
choice of simulation box. For example, a hexagonal simulation
box may bias formation of hexagonally packed cylinders due to
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Table 1. Composition of Different Gemini Surfactant Systems

number of molecules

surfactant phase A surfactant sodium water unit cell”
CO,-7(4) lamellar 6.1 100 200 614 4.51,4.28"
CO,-13(4) lamellar 6.1 134 268 823 7.28,3.03
CO,-13(4) lamellar 10.0 134 268 1340 7.59,3.01
CO,-13(4) lamellar 12.9 134 268 1729 7.84,2.99
CO,-7(4) hexagonal 129 24 48 310 3.182.84
CO,-7(4) gyroid 129 250 500 3225 6.40
80,-13(4) Jamellar 129 134 268 1729 7.91,3.02
S0;-7(4) hexagonal 12.9 24 48 310 3.22,2.88
SO,7(4) gyroid 129 250 500 3225 6.49
CO,-13(4) lamellar 139 134 268 1863 7.95,2.99
CO,-13(4) lamellar 18.0 134 268 2412 8.04,3.15

“Unit cell parameters are given as follows (length in nm): the gyroid phase has a cubic unit cell, specified by a single length; the lamellar phase has a
tetragonal unit cell, specified by length a = b, and perpendicular length ¢; the hexagonal phase is specified by the length of the a and b unit cell
vectors (forming the 60° hexagonal angle), and the length of perpendicular vector c. We note that the a = b lengths of the lamellar phases and the ¢
length of the hexagonal phase are arbitrary since they are determined by the number of surfactant molecules in the system. bThis cell contains two

lamellar bilayers so that a longer VDW cutoff can be employed.

the periodicity constraint, even if a different phase exhibits
lower free energy in the absence of this constraint. Free energy
differences between LLC phases may be within the simulation
uncertainty,”” and predicting the lowest free energy LLC phase
is therefore a highly difficult task; this is an important challenge
for future research.

In this work, we have exploited these small free energy
differences to assemble a variety of LLCs that are stable over
the time scales accessible to the MD simulations. Some of these
phases are not experimentally accessible: The hexagonal phase
of CO,-7(4) at A = 12.9 is only observed experimentally at
higher water content,’ and the SO;-7(4) gyroid phase is not
observed experimentally with sodium counterions.”” However,
in lieu of explicit free energy calculations, there is no indication
of instability throughout the simulation; the structure factors
characterizing the long-range order (Figure 2) are converged
and stable over hundreds of nanoseconds. Additionally, the
potential energy density of the CO,-7(4) hexagonal and gyroid
phases at 4 = 12.9 is within ~1% (with the hexagonal phase
actually lower in energy), and previous work indicates similar
entropy of these phases.” Additionally, we compare the energy
density of the carboxylate and sulfonate LLC phases at 4 = 12.9
hydration level; the ratio of energy densities is 1.09, 1.09, and
1.07 for the hexagonal, gyroid, and lamellar phases, respectively
(with carboxylate LLCs exhibiting more negative energy
densities), indicating no obvious destabilization of the gyroid
phase with sulfonate headgroups, as is observed experimentally.

3.2. Structure Characterization. A comprehensive
characterization of the structure of LLCs entails analysis of
both the long-range liquid-crystalline periodic order and the
short-range atomic pairwise correlation. The former is
characterized by the intensity of low-q peaks in the structure
factor, S(q), that correspond to the periodicity of the crystal’s
reciprocal lattice. Short-range correlation is characterized
through standard radial distribution functions.

The structure factors of the six different LLCs at hydration
level 4 = 12.9 are shown in Figure 2, along with corresponding
representative snapshots from the simulation. The structure
factors verify the long-range order of each different morphology
(hexagonal, gyroid, lamellar), exhibiting scattering signatures
nearly identical to corresponding experimental X-ray diffraction
patterns.” In Figure 2, we have labeled each prominent
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scattering peak by its corresponding reciprocal lattice vector;
the lamellar and hexagonal phases are 1D and 2D periodic, as
all prominent scattering lattice vectors are in-plane, whereas the
gyroid phase is a bicontinuous, 3D periodic structure evidenced
by scattering at noncoplanar, higher index reciprocal lattice
vectors. We note that both the carboxylate and sulfonate
surfactant systems have similar structure factors for each LLC
morphology, indicating that the LLC phases are not
significantly perturbed by the different headgroups over the
simulation time scales.

For brevity, we do not show structure factors of the CO,-
13(4) lamellar phases at hydration levels other than 4 = 12.9
(we note that the CO,-7(4), 1 = 6.1 lamellar phase was
characterized in ref S1). These additional lamellar phases
exhibit similarly well-defined periodicity as the lamellar phase
shown in Figure 2, but there is an interesting structural trend
with hydration level. As shown in Table 1, the magnitude of the
¢ unit cell vector, defining the thickness of one surfactant
bilayer and one aqueous layer, does not increase with hydration
level at low water content; rather the a and b vectors, which are
tangential to the lamellar plane, increase in magnitude to
accommodate the additional water molecules. Because the
number of surfactant molecules is the same in all systems and
the density of the bilayer is relatively constant, this means that
the surfactant bilayer contracts (expands) perpendicular
(parallel) to the lamellar plane with increasing hydration level
(simulation snapshots are shown in the Supporting Informa-
tion). This expansion/contraction of the bilayer occurs until a
threshold hydration level between 4 = 14—18, at which point
expansion of the bilayer in the a and b directions ceases, and
the additional water molecules are accommodated by increased
interbilayer thickness (c); these changes in the relative bilayer
dimensions correspondingly affect the surface density of
headgroups and exposed hydrophobic area. We note that a
similar phenomenon has been observed for certain biological
lipid bilayers.”"%*

The short-range, pairwise correlation between headgroups/
water and headgroups/sodium are shown in Figure 3 for both
carboxylate and sulfonate LLCs at 4 = 12.9. Rather than
plotting the radial distribution function, g(r), we plot the
pairwise probability density for finding a second atom type at a
given distance from a “tagged” atom at the origin, defined as
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Figure 2. Structure factors and corresponding simulation snapshots for LLC morphologies at A = 12.9 hydration: (a) lamellar, (b) gyroid, and (c)
hexagonal morphologies. Structure factors are shown for both carboxylate and sulfonate based surfactants, whereas the snapshots depict only the
sulfonate surfactant systems. Atom types are colored as follows: H, white; Na, blue; C, cyan; O, red, S, yellow.

Pr812(r), where p, is the density of the second atom type
(nm™?). This is the appropriate metric for comparison, because

the lamellar systems have different water, sodium, and
headgroup densities due to the longer surfactant tails. For
each system, we plot the correlation between the oxygen atoms
of the headgroup and either sodium or hydrogen (water)

atoms.

For a specific headgroup (e.g, carboxylate), the headgroup/
sodium correlation shows a small dependence on system
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morphology, while the headgroup/water correlation is very
nearly independent of morphology. The morphology depend-
ence of the headgroup/sodium distribution can be understood
as follows: Recently, Mantha et al.’” showed that the
headgroup/counterion correlation is largely dictated by the
required screening to stabilize the headgroup/headgroup
repulsion; namely, greater headgroup/headgroup repulsion
leads to greater headgroup/counterion correlation. In general,
the headgroup/headgroup repulsion should decrease with
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Figure 3. Pairwise probability distributions for carboxylate LLCs: (a) headgroup/sodium; (b) headgroup/water and sulfonate LLCs; (c) headgroup/
sodium; (d) headgroup/water. In all cases, the pairwise probability is computed between the oxygen atoms of the headgroup and either sodium or
hydrogen (water) atoms. To normalize for systems of different density, we plot p-g(r) rather than g(r).

increasing curvature of the interface, in the order lamellar >
gyroid > hexagonal.” This explains why the headgroup/sodium
correlation is slightly higher for lamellar compared to gyroid
phases for both types of headgroups. For the hexagonal phase,
there are two contrasting effects, namely, intercylinder
headgroup/headgroup repulsion and intracylinder headgroup/
headgroup repulsion. For LLCs at higher hydration,59 the
intercylinder distance is larger, reducing repulsion between
cylinders, and the hexagonal phase thus exhibits lower
headgroup/sodium correlation compared to the gyroid due to
the enhanced curvature of the surfactant/water interface. The
LLCs in this work are at lower hydration, 4 = 12.9, bringing the
cylinders in the hexagonal phase closer together, increasing the
headgroup/headgroup repulsion between cylinders, and leading
to higher headgroup/sodium correlation in the hexagonal
compared to gyroid phase for carboxylate surfactants (Figure
3a). For the sulfonate surfactant systems at A = 12.9, the
reduction in electrostatics due to the sulfonate headgroup alters
this balance, and the gyroid and hexagonal phases exhibit
similar headgroup/sodium correlation (Figure 3c).

3.3. Dynamics. The focus of this work is characterizing the
dynamics of water in LLC nanoconfined systems. We have
confirmed the LLC periodicity of the hexagonal, gyroid, and
lamellar phases (section 3.2), and we now systematically
evaluate the influence of morphology, surfactant functionality,
and hydration level on the water dynamics.

Rotational correlation functions of water are computed for
each LLC and are shown in Figure 4. Although the 11 LLCs
differ in morphology and nature of surfactant, to a good
approximation the rotational dynamics of water primarily
depends on the hydration level. To emphasize this, the data in
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Figure 4. Rotational correlation function for water in LLC
morphologies at 300 K: zy ¢ is the vector perpendicular to the H—
O—H plane of the water molecule. Systems are colored according to
their hydration level with 4 = 6.1 black curves, 4 = 10 red curves, 4 =
12.9 green curves, A = 13.9 blue curves, and A = 18 yellow curves.

Figure 4 is color-coded according to the hydration level of each
LLC: From lowest to highest hydration, A = 6.1 (black), 4 = 10
(red), A = 12.9 (green), A = 13.9 (blue), and A = 18 (yellow). It
is obvious that the dynamics is highly dependent on water
content, with the most hydrated LLC, 4 = 18 (yellow),
exhibiting significantly faster dynamics than the least hydrated
LLC(s), 4 = 6.1 (black). The fact that the rotational correlation
functions are well-grouped according to color (hydration level)
indicates that differences in the morphology and chemical
functionality of the LLCs are significantly less influential on the
water dynamics than is the hydration level.
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To quantify the dynamic time scales, the rotational
correlation functions are integrated to give characteristic
rotational relaxation times, 7; (eq 2). In Figure S, we plot 7,
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Figure S. Rotational correlation time 7, for water in LLC
morphologies at 300 K. The symbol shape denotes morphology (M,
lamellar; @, gyroid; A, hexagonal) and color denotes surfactant type
(black, CO,-13(4); red, CO,-7(4); blue, SO;-13(4); green, SO;-7(4)).
The dashed line is an exponential fit to the data of the CO,-13(4)
lamellar systems and is to guide the eye. The inset is a blowup of the 1
= 12.9 region.

versus hydration level, 4, for each LLC; as a reference, 7, & 3 ps
as computed with the SPC model for bulk water at 298 K.** For
all LLC systems, rotational relaxation times are significantly
longer, with 7, & 2—3 times larger for the most hydrated
system (A = 18) compared to bulk water (convergence to the
bulk value should not be expected due to the presence of
ions'"**). The dashed line in Figure 5 is an exponential fit to
the hydration dependence of 7, for the CO,-13(4) lamellar
systems: It is clear that the 7, relaxation times for all LLCs only
exhibit small deviations from this “general” hydration depend-
ent trend. While these conclusions are based on the integrated
time 7;, a corresponding analysis of biexponential fits to the
rotational correlation functions gives an analogous qualitative
interpretation (Supporting Information).

We now analyze the influence of different morphologies and
surfactant functionality on the water dynamics, keeping in mind
that these effects are largely secondary to hydration level;
because of this, such a comparison is only justified across LLCs
at constant 4, which is enabled by the systems studied in this
work. For clarity, we show an enlarged inset in Figure 5 of the
six LLC systems at A = 129. For both sulfonate- and
carboxylate-based surfactants, the water dynamics is somewhat
affected by the LLC morphology, with dynamical rates
decreasing in order hexagonal > gyroid > lamellar. It is
important to note that the lamellar phases at 4 = 12.9 employ
longer tail surfactants (13) compared to the gyroid and
hexagonal phases (7), which also affects the dynamics (vide
infra), and thus the effect of morphology is not entirely isolated
in this case. Differences in the water dynamics among
morphologies may be due to differences in the interfacial
curvature of the hexagonal, gyroid, and lamellar LLCs. In a
previous work, Pieniazek et al.> established a “curvature-
induced frustration” effect for water dynamics in reverse
micelles. These authors showed that the distance over which
water molecules were affected by the surface depended on the
curvature of the interface; dynamics slows most for highly
concave interfaces, such as in small reverse micelles. Relatedly,

convex interfaces may exhibit enhanced water dynamics
compared to flat interfaces.”’ Our results are consistent with
this interpretation; water dynamics is fastest in the morphology
with convex curvature (hexagonal), followed by mixed
curvature (gyroid), followed by flat interfaces (lamellar). It is
important to note, however, that the quantitative extent of
these curvature effects is much smaller than previously
suggested.’

The nature of the surfactant headgroup has a (relatively)
small effect on the water dynamics. For the six LLC systems at
A = 12.9, Figure 5 shows that the rotational relaxation of water
is slightly faster for sulfonate compared to carboxylate
surfactants for a given morphology. This is presumably due
to the strength of the headgroup/water interaction; in Figure 3,
it was shown that both headgroup/sodium and headgroup/
water interactions are weaker for the oxygen atoms of sulfonate
compared to carboxylate headgroups. These weaker inter-
actions lead to faster water rearrangement, consistent with the
smaller rotational correlation times (7;) in sulfonate systems.
Besides the headgroup, the length of the surfactant tail also
affects the water dynamics, for example, the CO,-13(4) lamellar
system exhibits slower water dynamics compared to the CO,-
7(4) lamellar system, both at 4 = 6.1. The reason for this is
more subtle, but we propose that this is due to the mobility of
the hydrophobic surfactant layer, and the influence of surfactant
motion on the interfacial water dynamics; the longer tailed
surfactant phase is less mobile, decreasing the water dynamics.
We also partially attribute the difference in water dynamics of
the lamellar and gyroid systems at 4 = 12.9 to this effect.

The self-diffusion coeflicients provide a complementary
analysis of the water dynamics; they pertain to significantly
longer (nanosecond) time scales and translational dynamics, as
opposed to the rotational relaxation time. In Figure 6, we plot
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Figure 6. Mean square displacement (MSD) of water in LLC
morphologies at 300 K. Systems are colored according to their
hydration level, with A = 6.1 (black), 4 = 10 (red), A = 12.9 (green), 4
= 13.9 (blue), and 4 = 18 (yellow).

the water MSD versus time in each LLC, and as before the data
is color-coded according to hydration level. Dynamic trends are
similar to the rotational correlation functions (Figure 4), and it
is again seen that hydration level is the dominate factor
influencing the dynamics. However, differences between
systems are somewhat more pronounced in this metric, and
indeed the resulting diffusion coefficients vary over an order of
magnitude (Figure 7).

Corresponding diffusion coeflicients are shown in Figure 7 as
a function of hydration level; similar to Figure S, symbols and
colors are chosen to distinguish the surfactant type and
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Figure 7. Water self-diffusion coefficient in LLC morphologies at 300
K. Data for systems composed of the same surfactant are plotted as
same color, while data for systems of the same morphology are plotted
as same shape, analogous to Figure S. The dashed line is an
exponential fit to the data of the CO,-13(4) lamellar systems and is to
guide the eye.

morphology of the LLC. As a reference, the diffusion coefficient
of bulk water at 298 K as predicted by the SPC model is ~4 -
1075 cm?s~4,%* and for all the LLC systems, the water diffusion
coefficient is at least an order of magnitude smaller. The
translational dynamics mostly follow the same qualitative trends
as discussed in the analysis of rotational correlation times;
interestingly, however, there is one important exception: The
trend in water dynamics upon substitution of different surfactant
headgroups is opposite for the self-diffusion coefficients (Figure 7)
from that of the rotational correlation times (Figure S). Water
diftusion is slower for sulfonate compared to carboxylate LLCs,
whereas the rotational relaxation is faster (smaller 7;) for
sulfonate-based systems. This seemingly nonintuitive result
may be understood by more thoroughly considering the
headgroup/water pairwise distributions in Figure 3b,d. While
there is less correlation between each headgroup oxygen atom
and water for sulfonate, there are three to two such headgroup
oxygen atoms for sulfonate compared to carboxylate. This
means that the sulfonate headgroup effectively binds more
water molecules compared to carboxylate (this was verified by
computing the total headgroup/water correlation, not shown,
and is explained by the highly structured solvation shell of
sulfonate anions®®). Thus, the explanation for the headgroup
dependent data of Figure 7 and Figure S is that the sulfonate
headgroup binds more water molecules than carboxylate but
each is bound more weakly.

4. DISCUSSION/CONCLUSION

Due to the ubiquity of chemical and biological systems that
contain water in various states of nanoconfinement, the physics
of confined water has been heavily studied both experimentally
and theoretically, as evidenced by numerous review ar-
ticles,' ~%2%30:33,66 Contributing to this discussion therefore
requires care, both to not reiterate previous findings and to
appropriately present new work in a contextual manner. Thus,
we have largely avoided analysis of the physical mechanisms by
which water moves and reorients and how these mechanisms
are affected by ions, interfaces, and confinement; such an
analysis may be found in the many excellent works that have
been cited. Rather, the primary contribution of this work is the
comprehensive quantitative characterization of dynamics for a
novel collection of gemini surfactant-based LLCs, which we

believe has allowed for unprecedented systematic isolation of
the different effects of confinement, morphology, and chemical
functionality on water dynamics. The results of this study are an
important quantitative benchmark for a novel class of systems,
to which previous theories of water dynamics in confinement
may be evaluated.

We have shown that gemini surfactant-based LLCs are ideal
prototypical systems for systematically studying water dynamics
in confinement. The variety of morphologies (hexagonal,
gyroid, lamellar) allows characterization of the influence of
interfacial curvature, water channel topology, and long-range,
periodic order. Furthermore, the liquid-crystalline nature
enables unambiguous structural characterization, so that the
topologies and length scales of these systems are well-defined.
While reverse micelles have served as popular prototypical
systems for studying water dynamics in confinement, the
dimensionality of confinement (3D) renders generalization
difficult to many other practical systems (with 2D confine-
ment). Quantifying the effect of one parameter, for example,
interfacial curvature, on the resulting water dynamics is best
done when other variables (dimensionality, chemical function-
ality, hydration level, etc.) are held constant, as we have
demonstrated for gemini surfactant-based LLCs.

Our primary qualitative conclusion is that the hydration level
of nanoconfined systems predominately determines the rates of
water dynamics, and that other variables such as interfacial
curvature, chemical functionality, and topology are secondary in
importance. This was demonstrated through analysis of 11
different gemini surfactant-based LLCs, considering two
distinct dynamical metrics. This conclusion is important in
light of conflicting interpretations in the literature,"¥>" as well
as for the novelty of the systems studied. Secondary effects may
differentiate systems at identical hydration level, and our
finding that rates of water dynamics depend on morphology in
order hexagonal > gyroid > lamellar is consistent with previous
work”?! that suggests that convex surfaces enhance dynamics
compared to flat or concave interfaces. Additionally, we suggest
that water dynamics may be coupled to the mobility of the
surfactant lipid phase, since these dynamics are faster in
shorter-tail (and thus presumably more mobile) surfactant-
based LLCs. All of these conclusions are strengthened by the
explicit isolation of confinement parameters that is achieved in
this work.

Finally, we have illustrated the importance of analyzing
different metrics of dynamics that encompass a range of time
scales. We have shown that substituting sulfonate for
carboxylate headgroups has contrasting effects on the rates of
rotational relaxation and translational diffusion of confined
water. Sulfonate headgroups effectively bind more water
molecules than carboxylate, resulting in slower net translational
diffusion of water, but each water molecule is bound less
strongly, which results in faster rotational relaxation. A
complete dynamical picture is not possible without both
metrics, and the relative importance of these two processes may
depend on the specific application.
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