Downloaded via CALIFORNIA INST OF TECHNOLOGY on September 3, 2023 at 20:27:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

PHYSICAI, CHEMISTRY

@& Cite This: J. Phys. Chem. B 2018, 122, 2408-2413 pubs.acs.org/JPCB

Counterion-Regulated Dynamics of Water Confined in Lyotropic
Liquid Crystalline Morphologies

Sriteja Mantha,"® Grayson L. Jackson, ® Mahesh K. Mahanthappa,"® and Arun Yethiraj*"

TDepartment of Chemistry, University of Wisconsin, Madison, Wisconsin 53706, United States
iDepartment of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, United States

ABSTRACT: The dynamics of confined water is of DOUble Gyrond (G) Hexagonal (H)
fundamental and long-standing interest. In technologically Sl )
important forms of confinement, such as proton-exchange Confined

membranes, electrostatic interactions with the confining matrix H,0 Dynamics

and counterions play significant roles on the properties of 1
water. There has been recent interest on the dynamics of water o . . )
T : ) lower hydration higher hydration

confined to the lyotropic liquid crystalline (LLC) morpholo

gies of Gemini dicarboxylate surfactants. These systems are .
exciting because the nature of confinement, for example, size Counterion-water (._"_____") Counterion
and curvature of channels and surface functionality is dictated attractions excluded volume
by the chemistry of the self-assembling surfactant molecules.

Quasielastic neutron scattering experiments have shown an interesting dependence of the water self-diffusion constant, D,, on
the identity (denoted a) of the counterion: at high hydration, the magnitude of the water self-diffusion constant is in the order
Doy < Do < Dy, where TMA, Na, and K refer to tetramethyl ammonium, sodium, and potassium counterions, respectively.
This sequence is similar to what is seen in bulk electrolyte solutions. At low hydrations, however, the order of water self-diffusion
is different, that is, Dy, < Dypys < Dg. In this work, we present molecular dynamics simulations for the dynamics of water in the
LLC phases of dicarboxylate Gemini surfactants. The simulations reproduce the trends seen in experiments. From an analysis of
the trajectories, we hypothesize that two competing factors play a role: the volume accessible to the water molecules and the
correlations between the water and the counterion. The excluded volume effect is the largest with TMA®, and the electrostatic
correlation is the strongest with Na*. The observed trend is a result of which of these two effects is dominant at a given water to
surfactant ratio.

1. INTRODUCTION molecules®’~>* and properties of confined water.”>~** Counter-
ions that are closely associated with the surfactant headgroup

Understanding the dynamics of water under nanoconfinement
are shown to favor self-assembled morphologies with flat

is of fundamental and practical importance. The scientific

importance arises because properties of confined water can be interfaces (lamellae), whereas those that are more dissociated
very different from those in bulk. Surfaces alter the local from the surfactant headgroup favor morphologies with curved
structure of water in their vicinity,' ® and the dynamics of interfaces (hexagonally packed cylinders and gyroid).”">* These
water near a solid surface can be more than an order of morphologies are depicted in Figure 1.

magnitude slower than that in the bulk.”™'* The technological Jackson et a]_63 have recently measured an interesting
importance arises from the use of nanostructured membranes counterion-dependent trend in the dynamics of water confined

for proton-exchange applications in, for example, fuel cells.
Proton transport is, as one would expect, very sensitive to water
dynamics. In this paper, we study, using molecular dynamics
simulations, the effect of counterions on the dynamics of water
confined in lyotropic liquid crystal (LLC) morphologies formed
by surfactant molecules.

There has been recent interest in the lyotropic liquid Lamellae (L) Gyroid (G) Hexagonally-Packed
crystalline (LLC) phases formed by ionic surfactant mole- Cylinders (H)
cules.">"* Surfactant molecules self-assemble into a variety of
LLC morphologies.ls_lg The development of new LLC Figure 1. Morphologies of dicarboxylate Gemini dicarboxylate
materials through self-assembly is an active area of surfactants.
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in LLC morphologies formed by self-assembly of anionic
Gemini dicarboxylate surfactant molecules with Na*, K, and
tetramethyl ammonium (TMA®) as counterions. Quasielastic
neutron scattering experiments were used to obtain the
translational self-diffusion coefficient of water as a function of
surfactant headgroup/counterion hydration in the LLC phases
of Gemini surfactants. The self-diffusion coeflicient of water
was the highest with the K* counterion in all cases. However, at
low hydration, the diffusion constant was lower with Na* than
with TMAY, and the opposite was true at high hydration.

In this work, we use molecular dynamics simulations to study
the counterion-regulated confined water dynamics. Specifically,
we explore the effects of Na*, K*, and TMA" as counterions on
the dynamics of water confined in these LLC morphologies at
two different ratios of water to surfactant molecules. The
simulations reproduced the trends seen in experiments, leading
us to derive detailed physical insights into the experimentally
observed behavior. We rationalize the results in terms of two
competing factors: the volume excluded to water and the
interaction between the water and the counterions. The relative
importance of these two factors depends on the level of
hydration.

2. METHODS

The dicarboxylate Gemini surfactant (depicted in Figure 2) has
seven methylene groups in the tail and four methylene groups
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oM

0]

Gemini Dicarboxylate M-74
M = K, Na, or (CH3)4N

Figure 2. Chemical model of the dicarboxylate Gemini surfactants.

in the linker, which are modeled at united atom level using
GROMOS45a3 force field.”* Water molecules are treated at
atomistic level using the simple point charge water model. Na*
and K* ions are modeled at atomistic level,"**> and TMA* ions
are modeled at united atom level.°® Parameters consistent with
the water model are used to model interactions with Na*, K*,
and TMA". The force fields are the same as those used in our
previous work.*®

Molecular dynamics simulations are conducted using the
GROMACS 4.5.4 simulation package.”” The simulation
parameters are the same as those used in our previous work
on Gemini surfactants.”*™*’ The Lennard-Jones interactions are
switched smoothly to 0 at 1 nm, and the particle mesh Ewald
(PME)“**” method is used for the Coulomb interactions. The
PME parameters are as follows: real space cutoff distance of 1.4
nm and interpolation order of 6, with a maximum fast Fourier
transform grid spacing of 0.12 nm. Water molecules are kept
rigid using the SETTLE algorithm. The temperature and
pressure are maintained using a Berendsen thermostat with
coupling time 0.5 ps and a Berendsen barostat with coupling
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time 1 ps, respectively. The system is propagated using the
leapfrog algorithm with a time step of 4 fs.

Initial configurations of self-assembled morphologies are
taken from our previous work*>** with sodium counterions.
Initial configurations for K-74 and TMA-74 are generated by
replacing the Na counterions with K or TMA, minimizing the
energy of the resulting configuration using a steepest descent
algorithm and equilibrating the system at 1 atm and 300 K for
50 ns. This is larger than the equilibration time (typically 10—
20 ns) over which the total energy and density reach a steady
value. Properties are then averaged over a 300 ns trajectory
obtained from simulations at 300 K.

For comparison, we also carry out simulations of
concentrated aqueous salt solutions made of Na', K', and
TMA" as cations and CI™ as the anion, using the same force
fields. These simulations are equilibrated in the same fashion,
but properties are averaged over shorter (10 ns) trajectories
generated with a time step of 1 fs.

Simulations for aqueous salt solutions and gyroid (G)
morphologies are conducted in a cubic simulation cell, and
simulations with hexagonally packed cylindrical (H) morphol-
ogies are carried out in a monoclinic box with angle between
box vectors set to 90, 90 and 60°.

The parameter, 4, is defined as the number of water
molecules per anionic surfactant headgroup (or anion in the
case of the electrolyte solutions). We note that this quantity, 4,
is different from number of water molecules within the first
hydration shell around a molecule. We study two levels of
hydration, 4 = 6 and 1S, which correspond to a gyroid and
hexagonal morphology, respectively. Note that the water
dynamics are more sensitive to A than to the morphology.*’
A = 6 is beyond the experimental solubility limit of Na*" and K*
ions. The concentrated aqueous salt solutions in our
simulations are stable, and we do not observe any precipitation.
Although these systems are not realistic, the comparison with
LLC systems at the same hydration provides physical insight
into the diffusion mechanism. The systems studied are
summarized in Table 1.

3. RESULTS AND DISCUSSION

The simulations reproduce the trends seen in experiments.
Table 2 lists the ratio of the translation diffusion coefficient to
the value of bulk water at the same temperature and pressure as
for the systems studied. Diffusion coeflicients are computed
from the linear region of the mean-squared displacement plot

Table 1. Parameters for Molecular Dynamics Simulations

number of molecules

system morphology A water  surfactant cations  anions
Na-74 G 6 3000 250 500
K-74 G 6 3000 250 500
TMA-74 G 6 3000 250 500
Na-74 H 15 720 24 48
K-74 H 15 720 24 48
TMA-74 H 15 720 24 48
NaCl 6 930 155 155
KCl 6 930 155 155
TMACI 6 930 155 155
NaCl 15 1160 77 77
KCl 15 1160 77 77
TMACI 15 1160 77 77
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Table 2. Water Translational Diffusion Coefficients in LLC
and Electrolyte Solutions of the Same Ion Concentrations
Inversely Relative to That of Pure Water

diffusion coefficient (Dy/D)

=6 A=1S
system experiment simulation experiment simulation
K-74 9.7 11 2.7 2.9
Na-74 38 31 3.6 4.0
TMA-74 33 26 6.0 4.5
KCl 24 1.5
NaCl 34 1.8
TMACI 11 2.6

of water—oxygen atoms generated from the simulation
trajectories. (We use Dy = 2.299 X 1075 cm?/s for
experiment’””" and Dy = (426 + 0.06) X 10~ cm?/s for
simulations.) The trend Dy, < Dy < Dg for 4 = 6 and Dy <
Dy, < D for A = 15 is seen in both experiment and simulations.
Note that the trend at 4 = 15 is similar to what is observed in
electrolyte solutions. The values of the diffusion coeflicients,
however, are much smaller in the LLC systems (than in the
electrolyte) because the water is confined and to a greater
extent at low ratios of water to surfactant molecules. We believe
that the trends are statistically significant because the
uncertainties in the simulation results are in the third decimal
place.

In all cases, the diffusion constant of water (in LLC and
electrolytes) is lower than that in bulk water. There are two
factors that could be responsible for this “slowing down” of
water. The first is an excluded volume effect, that is, the volume
occupied by the counterions decreases the volume accessible to
the water molecules. The second is a correlation effect, that is,
electrostatic interactions between the water molecules and the
counterions cause a dynamic slowing down. We argue that both
of these effects play a role but to different degrees depending
on the number of water molecules per surfactant.

An estimate of the excluded volume effects can be obtained
by considering the fraction of volume (denoted ¢,,) available to
water molecules. The quantity ¢,, is defined as follows: we
calculate the Voronoi volume of every water molecule using the
Voro++”* based code contributed by Abel et al,,’* add these up
to achieve the total volume “occupied” by water, and divide by
the volume of the simulation cell to obtain the fraction. Table 3

Table 3. Fraction of Volume Occupied by Water Molecules

(¢.)

P
A=6 A=1S
counterion LLC electrolyte LLC electrolyte
Na* 0.378 0.839 0.637 0.934
K* 0.384 0.822 0.634 0.925
TMA* 0.345 0.643 0.579 0.808

lists ¢, in the electrolyte and LLC systems. ¢,, is much lower in
the LLC systems, of course, because the surfactants occupy a
significant portion of the simulation cell volume. The
dependence of ¢, with counterion correlates with the
counterion size. In the force fields used, TMA* has a radius
(half of the Lennard-Jones collision diameter) of 0.322 nm,
which is more than twice that of K* (0.152 nm) and Na* (0.116
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nm). Excluded volume effects are clearly greater for TMA®,
whereas those for K" and Na* are comparable.

An estimate of the correlation effects can be obtained by
considering the residence time (7) of water molecules in the
first hydration shell of the various moieties, other water
molecules, counterions, and headgroups. Table 4 lists these

Table 4. Residence Time (in Picosecond) of Water
Molecules near Water, Headgroups, and Counterions

water headgroup counterion
Na®* K" TMA* Na* K° TMA* Na* K' TMA*
A=6 9 S 20 34 23 SS 84 18 37
A=1S N 4 8 17 15 24 45 9 16

residence times, calculated using the algorithm developed by
Impey et al.”* In all cases, the residence time of water around
headgroups and counterions is larger than that around other
water molecules. It is only reasonable to compare residence
times around similarly sized objects because the volume of the
first shell is larger for large ions. The results in Table 4 provide
a rationalization for why the water dynamics is faster with K*
counterions (compared to that with Na*). The residence time
of water near headgroups and counterions is lower with K* than
with Na" counterions.

The importance of electrostatic correlations can be
quantified by comparing the number of water molecules within
the first hydration shell (see Table 5) of the counterions to 4,

Table S. Number of Water Molecules within the First
Hydration Shell of a Counterion

number of water molecules in the first hydration shell

A=6 A=15
counterion LLC electrolyte LLC electrolyte
K* 7.41 4.49 7.86 6.69
Na* 4.95 2.97 5.40 4.08
TMA®* 14.21 15.87 19.90 20.97

which is the number of water molecules per headgroup (or
counterion). The size of the first hydration shell around a
counterion is obtained from the position of the first minimum
in the water—oxygen—counterion radial distribution function.
In the LLC systems with high hydration (4 = 15) or in the
electrolyte solutions, the number of water molecules in the first
hydration shell is much smaller than A. This suggests that the
fraction of water molecules that are in the first hydration shell is
small. In the LLC systems with A = 6, however, the number of
water molecules within the first hydration shell of K* and
TMA" is greater than 4 and that of Na" is close to A. Therefore,
the counterion—water correlations are expected to be
significant. It is in this regime that we observe the trend Dy,
< Dppa < Dy, which is consistent with electrostatic correlations
being important.

The trend (with changing counterions) in the rotational
relaxation time (denoted 7y) of water molecules is independent
of hydration, in contrast to the translational diffusion
coefficient. The quantity, 7y, is defined as the time integral of
the second-order water dipole moment autocorrelation
function. Table 6 lists 7y for the different LLC systems studied
in this work. The trend 7y 1\ > TrNa > Tr iS Seen for systems
both at A = 6 and at A = 15. Such a trend in 7y is correlated to
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Table 6. Rotational Relaxation Time (7z) of Water

TR/PS
A=6 A=18
counterion LLC electrolyte LLC electrolyte
Na* 34 4 4 2
K 13 2 3 1
TMA* 62 17 6 3

that in residence time of water within its hydration shell (refer
to data in Table 4). We anticipate that longer relaxation time of
water in systems with TMA" may be due to directional ability
of the TMA" of ordering water molecules.”>”®

Indeed, the water molecules are more ordered in systems
with TMA* compared to those with Na* or K*. Figure 3 depicts

8 ————————— 8 ——————1——
i T 1 | r=6@LC T
o6l 5o [— Nt | 4 6 o
= —x |
Q4 — TMA'| |
g L
of 2 _
I
%.2 04 06 08 1 1.2
Tow-ow Tow.ow
8 L S 8 T T T
= 6 A=15 (Electrolyte) [ — Na* _ = 6 A=6 (Electrolyte) [__ Na* |
< ¢ 13 —
Q4 — TMA'| Q4r — TMA'|
| 2 | ]
o5 2 4 en2f s
A I A=
%‘2 04 06 08 1 1.2 ?)2 04 06 038 1 1.2

Tow-ow Tow-ow

Figure 3. Radial distribution, gow_ow(r), of water—oxygen around
other water—oxygen atoms in different LLC and electrolyte systems.

the radial distribution of water—oxygen around other water—
oxygen atoms for the different systems studied in this work. In
all cases, the first peak in gow_ow(r) is very sharp when TMA*
is the counterion. This suggests that there are fewer interstitial
water molecules between the first and second hydration shells
of a water molecule, that is, the water molecules are more
ordered when TMA" is the counterion.

4. SUMMARY

We study the translational diffusion of water in LLC phases of
Gemini surfactants using molecular dynamics simulations.
Experiments show that the water diffusion constant is sensitive
to the identity of the counterion. The diffusion constant is the
highest with K* counterions. At high hydration, the diffusion
constant is the lowest with TMA®, and at low hydration, the
diffusion constant is the lowest with Na'. The simulations
reproduce these trends. We argue that two effects play a role in
decreasing the diffusion constant relative to bulk water: the
volume excluded to water by the counterions and the
correlations between the water and the counterions. The
excluded volume is the most important for TMA®, and the
correlations are the most important for Na*. The observed
trends can be rationalized by noting that correlation effects are
more significant at low hydration because a larger fraction of
the water molecules is correlated with the counterions.
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