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ABSTRACT: The recent fabrication of liquid crystalline ion gels featuring rigid-rod
polyanions aligned within room-temperature ionic liquids (RTILs) opens up exciting new
avenues for engineering ion conducting materials. These gels exhibit an unusual combination
of properties including high ionic conductivity, distinct transport anisotropy, and widely
tunable elastic modulus. Using molecular simulations, we study the structure and dynamics of
the ions in an ion gel consisting of rigid-rod polyanions and [C,mim][TfO] RTILs. We show
that the ion distribution in the interstitial space between polymer rods exhibits the hallmarks
of the RTIL structure near charged surfaces; i.e., cations (C,mim"*) and anions (TfO~) form
alternating layers around the polymer rods and the charge on the rod is overscreened by the
ionic layer surrounding it. The distinct ordering of ions suggests the formation of a long-range
“electrostatic network” in the ion gel, which may contribute to its mechanical cohesion and
high modulus. The dynamics of both C,mim" and TfO™ ions slow down due to the fact that
some C,mim"* ions become associated with the sulfonate groups of the polymer rod on
nanosecond time scales, which hinders the dynamics of all ions in the gel. C,mim* and TfO™

ion diffusion in the gel are only 2—10 times slower than in bulk RTILs, which is still much faster than, e.g., Li ions in typical ion
conducting polymers. This fast ion transport combined with strong mechanical cohesion open up exciting opportunities for
application of these gels in electrochemical devices including Li-metal batteries.

1. INTRODUCTION

Polymer electrolyte materials play a critical role in numerous
applications including fuel cells, solar cells, and rechargeable
batteries.”” These applications often demand high ionic
conductivity, mechanical strength and stiffness, and excellent
thermal stability.3’4 However, despite intensive research in the
past decades, few existing materials can meet these demands
simultaneously. In recent years, ion gels, polymeric networks
swollen by room-temperature ionic liquids (RTILs), have
shown great promise in meeting these demands.” RTILs are
electrolytes that are composed entirely of ions but remain in
the liquid state at relatively low temperature (e.g,, <100 °C).°
Many RTILs exhibit excellent ionic conductivity, electro-
chemical stability, and thermal stability.”~” Therefore, when
RTILs are combined with suitable polymers, the resulting ion
gels can provide many of the electrical, thermal, and mechanical
properties desired for polymer electrolyte materials.'"”"> A
recent breakthrough in this field is the synthesis of liquid
crystalline gels containing a rigid-rod polyanionic aramid
poly(2,2'-disulfonyl-4,4'-benzidine terephthalamide (abbrevi-
ated PBDT) and a RTIL 1l-ethyl-3-methyl imidazolium
trifluoromethane sulfonate ([C,mim][TfO]).'"® These gels
exhibit high ionic conductivity (up to 8 mS-cm™ at room-
temperature), widely tunable modulus (0.003—3 GPa),
excellent thermal stability (up to 300 °C), and transport
anisotropy (up to 3.5X). The fabrication of this ion gel opens
up exciting new avenues for engineering polymer electrolyte
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materials. Given the flexibility of the molecular design of RTILs
and ionic polymers, one can expect to even further improve
both the ionic transport and mechanical properties of this type
of ion gels through judicious selection of RTILs and polymers.
Such rational design, however, demands a fundamental
understanding of the structure and dynamics properties of
the RTILs in the gel.

The structure and dynamics of RTILs in various systems
have been studied intensely in recent years. First, in bulk
RTILs, cation—anion interactions are strong and thus each ion
effectively resides in a cage formed by its neighbor ions. The
hydrophobic tails of cations can aggregate to form spatially
heterogeneous domains.'”'® The dynamics of ions also exhibit
heterogeneity, with some ions diffusing considerably faster than
other ions.'”*® The diffusion of an ion in RTILs is strongly
affected by the cage surrounding it: at short time when the ion
has not yet escaped from its cage, ion diffusion is in the ballistic
and then subdiffusive regime; at large time scale when the cage
is broken due to cleavage by other ions, ion diffusion reaches
the diffusive regime.w’m_23 Second, for RTILs confined in
planar or cylindrical nanopores, similar to most liquids,
significant layering of RTILs occurs near the pore walls.”
When the pore walls are charged, counterions and co-ions form
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alternating layers near the wall. Except when the wall is very
highly charged, the wall charge is overscreened by the first ionic
layer near the pore wall.”**** The dynamic properties of ions
vary notably across the pore, with the diffusion of the ions
adjacent to the pore wall typically being slowest.”**° While the
dynamics of ions are usually slowed down by confinement,
sometimes the diffusion of ions inside the pore can be much
faster than in the bulk””*® e.g, when ion density inside
subnanometer pores becomes notably smaller than that of bulk
RTILs.”® Finally, for RTILs in polymer membranes, most work
has focused on the situation when RTILs are mixed with
disordered polymers such as poly(ethylene oxide), and usually
lithium salts such as lithium-bis(trifluoro-methane) sulfonamide
were also included."®*”~** The local structure of ion pairing in
polymer membranes exhibits a similar pattern as in bulk RTILs,
though the imidazolium cations are also found to be partly
solvated by polymer chains.'® The dynamics of the imidazolium
cations are notably slowed down by the polymers.”” The RTILs
can modify the conformation of the polymers and enhance
their segmental dynamics compared to that in polymer lithium
salt mixtures.”’

These above prior studies of RTILs are a useful starting point
for understanding the structure and dynamics of the RTILs in
the ion gels developed in ref 16. Nevertheless, the RTILs in
these new gels exist in rather different environments compared
to those examined in the prior studies. Importantly, unlike
those in bulk liquids, nanopores, or neutral polymer
membranes, the RTILs in these gels are confined between
rod-like, mobile but largely ordered polyanions with discrete
charge moieties. Furthermore, the polyanion has a hydrophobic
backbone and a radius that is comparable to the ion size. The
structure and dynamics of RTILs in such a heterogeneous,
confined environment cannot be simply extrapolated from the
results obtained in other systems, and many questions about
these properties remain open. For example, how do cations and
anions organize around the polyanions? What are their
dynamics? How are these dynamics related to the ion
distribution near the polyanions, and ultimately the mass
fraction of polyanions and the presence of metal ion impurities
in the gel? In this work, we address these questions through
molecular dynamics (MD) simulations using the PBDT-
[C,mim][TfO] ion gels as a model system. Given that the
study this type of gel is still at the earliest stage, we focus on
revealing the essential features of RTIL structure and dynamics
in the gel rather than quantitatively reproducing experimental
measurables such as the ion diffusion coeflicients. The rest of
the paper is organized as follows. The simulation system,
model, and methods are presented in section 2; results on the
structure and dynamics of the ions between PBDT rods are
presented in section 3. Finally, conclusions are presented in
section 4.

2. SIMULATION SYSTEM, MOLECULAR MODELS, AND
METHODS

Since these sulfonated aramid-based ion gels are new,'® we first outline
the method for fabricating them before describing how they are
simulated in this work. PBDT is a rigid-rod polyelectrolyte with high
ion density along its backbone. PBDT forms a lyotropic liquid
crystalline (LC) phase above a critical mass concentration of 1.2 wt
%.>> To make ion gels, an aqueous seed solution containing the
polyanion PBDT and Na* counterions is placed inside a test tube and
subjected to a magnetic field applied along the tube axis.'®
[C,mim][TfO] liquids are then placed above the seed solution.
Driven by processes including the ion and water exchange between the
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seed solution and the RTILs, ion gels form at the bottom of the test
tube. The as-formed gel is then heated under vacuum to remove the
water inside it. X-ray diffraction shows that the PBDT polyanions are
highly ordered in the dried gel and RTILs are dispersed within the
aligned PBDT matrix. Experimental nuclear magnetic resonance
(NMR) measurements show that approximately half of the Na* ions
in the seed solution remain in the dried ion gel when using the
fabrication procedure of ref 16. The amount of residual Na* ions
further depends on parameters that include the mass fraction of PBDT
in the seed solution and the relative volume of the seed solution and
the RTIL. Supporting Information section 9 describes NMR
measurements to quantify Na* content in the ion gels.

2.1. MD System. Based on the ion gel structure measured
experimentally, a molecular simulation system was developed. Figure 1
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Figure 1. Molecular models of the PBDT-RTIL gel. (a) Structure of
the C,mim", TfO~, and the semi-coarse-grained PBDT rod. Each rod
consists of four chemical repeat units of PBDT. Orange (green) balls
denote the sulfur (oxygen) atoms of PBDT sulfonate groups. (b)
Snapshots of the system at the beginning and the end of the pre-
equilibration process. The thin black dashed lines denote the
simulation box, which is periodic in all three directions. The solid
green lines enclose the model ion gel. The space between the two
dashed green lines denotes the “observation window” in which the
structure and dynamics of the RTILs were analyzed.

shows that the system consists of four rigid rods representing PBDT
polyanions and the accompanying RTILs (in some cases, residual Na*
ions were also added, see Table 1). In reality, each PBDT rod is tens of
nanometers in length, too long to be modeled in MD simulations.
Here each rod is 6.72 nm long. Initially, all rods are perfectly aligned in
the z-direction. The simulation system is periodic in all three
directions. These rods, together with their periodic images, form a
hexagonal lattice in the xy-plane (see Figure Sl in the Supporting
Information). The spacing between adjacent rods is denoted as S,_,.
The number of C,mim* and TfO™ ions was chosen to ensure the
overall electroneutrality of the system. Initially, two slabs of RTILs
were placed in contact with the two ends of the rods and a vacuum
space was placed between the RTIL slabs (see Figure 1b). To obtain
an ion gel, we fixed the rods and performed an NVT run for the RTILs
to enter the space between the rods. This pre-equilibration process
ends when the rods become fully wetted by RTILs and the number of
RTIL molecules between the PBDT rods no longer changes (This
typically takes less than 20 ns. See Figure S2 for the evolution of the
number of RTIL molecules between PBDT rods when S,_, is 2.2 nm).
The PBDT rods and the RTILs between them obtained at the end of
the equilibration process are considered as a model ion gel (see Figure
1b). We verified that the ion gel thus formed is electrically neutral. Ion
gels with different mass fraction of PBDT were obtained by using
different initial rod—rod spacing S,., during the above pre-equilibration
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Table 1. Properties of the Equilibrated Ion Gel Systems Studied in This Work

system nominal rod—rod spacing® PBDT mass fraction
1 2.0 nm 19.6%
2 2.2 nm 16.3%
3 2.2 nm 16.1%
4 2.4 nm 13.8%
S 2.8 nm 10.1%

C,mim*/SO;™ ratio

4.45
5.39
S.0S
6.41
8.74

TfO™/SO;™ ratio Na*/SO;™ ratio lateral size, L, X L,

321 0.0 3.46 X 4.00 nm”
4.18 0.0 3.81 X 440 nm?
4.47 0.5 3.81 X 4.40 nm?
521 0.0 4.16 X 4.80 nm?”
7.65 0.0 4.85 X 5.60 nm”

“This is taken as the rod—rod spacing during the pre-equilibration process, when perfectly aligned PBDT rods were fixed and formed a hexagonal

lattice in the xy-plane.

process. Table 1 summarizes the various ion gels studied in the present
work.

2.2, Molecular Models. C,mim* and TfO~ ions were modeled
using united-atom force fields,** in which the net charge of each ion
was scaled to 0.8 e. These force fields were chosen as a compromise
between computational cost and accuracy. Specifically, while these
force fields are less rigorous compared to the polarizable force
fields,**° they enable the structure and dynamics of RTILs to be
simulated relatively accurately with greatly reduced computational
cost. For example, based on these force fields, our simulations of bulk
[C,mim][TfO] at 353 K and 1 atm predict a diffusion coefficient of
22.0 X 107" m?/s for the C,mim* and 12.1 X 10™*! m?/s for the TfO~
ions, which agree quite well with those measured using NMR (17.5 X
107" m?/s for the C,mim" ion and 12.5 X 107'' m*/s for the TfO~
ions). In addition, prior studies indicated that simulations based on
this type of force fields can capture the structure of interfacial RTILs
(e.g., those near electrode surfaces) quite well.*” The force fields for
the sodium ions were taken from the OPLS-AA force field.**

The precise structure of the PBDT rods in the ion gel has not yet
been fully clarified. Prior studies suggested that PBDT molecules self-
assemble into rigid-rod building blocks in the form of double helix,m’33
and such structure should persist in the ion gel. With the dimensions
of the PBDT building block and the distribution of sulfonate groups
on the rod inferred from X-ray diffraction data,'® we built a semi-
coarse-grained model for the PBDT polyanions. These polyanions
were modeled as rigid rods decorated with explicitly resolved sulfonate
groups (see Figure 1b). Each rod is 6.72 nm long and consists of four
1.68 nm-long repeating units. Each repeating unit (see Figure 1a) is
further made of 9 layers of carbon atoms arranged into a regular
heptagon (side length: 0.173 nm), and the spacing between adjacent
carbon layers is 0.21 nm. Each repeating unit has four sulfonate groups
anchored on the carbon atoms in different layers, and these units were
stacked onto each other in a way that produced a helical pattern of the
sulfonate groups on the PBDT rod (see Figures 1b and S3). The force
field parameters for the carbon atoms and the sulfonate groups were
taken from the OPLS-AA force fields, and are summarized in the Table
S1. Because the objective of the present study is to delineate the
essential features of the structure and dynamics of RTILs in ion gels
and the precise structure of PBDT is not fully elucidated yet, the above
molecular model is deemed a reasonable choice for several reasons.
First, it captures the key chemical features of the PBDT rod including
its semirigid structure, the hydrophobic nature of its backbone, and the
discrete distribution of charge groups on the rod. By resolving the
sulfonate groups explicitly, it also allows the strong interactions
between the sulfonate groups and RTILs, which can greatly affect the
structure and dynamics RTILs, to be modeled in detail. Second, by
adopting a simple model for the PBDT rods with well-defined
geometry, it facilitates the parametric study of how gel design
parameters such as the PBDT mass fraction affects the properties of
RTILs in the gel. Finally, the semi-coarse-grained model allows large
system to be simulated for relatively long time period, which is
necessary in the study of RTIL dynamics.

2.3. Simulation and Analysis Methods. Simulations were
performed using the Gromacs code.*” All simulations were executed
in the NVT ensemble. The temperature of the RTILs was maintained
at 353.15 K using the velocity rescaling thermostat.*® The elevated
temperature chosen here helps to achieve good statistics of ion
displacement. After the pre-equilibration process described above, each
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system was further equilibrated for another 20 ns (except for a few
selected cases, the PDBT rods were allowed to move during this
equilibration step). This was followed by a production run of 80 ns.
Table 1 lists the composition of the equilibrated ion gel systems
studied in this work. A detailed list of the number of ions in each
system (including those outside of the observation window shown in
Figure 1b) is shown in Table S2 in the Supporting Information.

In the MD simulations, the nonelectrostatic interactions were
computed by direct summation with a cutoff length of 1.2 nm. The
electrostatic interactions were computed using the Particle Mesh
Ewald (PME) method. The real space cutoff and FFT spacing were 1.2
and 0.12 nm, respectively. All bonded interactions were computed
except that the lengch of the C—H bonds were constrained using the
LINCS algorithm.*" Note that to ensure the rigidity of the PBDT rod,
strong harmonic bonds (bond constant: 5 X 10° kJ/(mol-nm?)) were
imposed between carbon atoms in different carbon layers and
repeating units.

The trajectories of the system were saved during the production
run. To avoid edge effects, only the RTILs in the middle portion of the
ion gel (marked out as the “observation window” in Figure 1b) were
considered in the analysis of the structure and dynamics of the RTILs.
Since most PBDT rods were found to be aligned very well along the z-
axis even when they were allowed to move, the ion diffusion coeflicient
in the perpendicular-to-rod direction was computed using
D = tlim MSny(t) /4t. MSny(t) is the ion mean-square displace-

— 00
ment in the xy-plane given by MSny(t) = ((x(t) — x,(0))* + (y(t) —
:(0))%), where x; and y; are the x- and y-position of ion i, respectively.
() denotes the ensemble average. The diffusion coeflicient in the
direction along the PBDT rods was computed using
D= tl_i)m MSD,(t)/2t. MSD,(t) is the ion mean-square displacement

in the z-direction given by MSD,(t) = {(z(t) — z,0))?), where z; is
the z-position of ion i. To determine the error bars for D; and D,
(denoted using &, and SD“), we first computed the MSDs for five
different time periods of the ion trajectory. &p, and &, were then
calculated as the standard deviation of the diffusion coefficients
obtained from MSDs. The error bar of D;/D, was obtained using
e(Dy/Dy) & |D|||/|Dl|2£DL + |DJ_|_1€D”. We note that the finite size of
simulation box can potentially affect the value of computed diffusion
coefficient.” Such a finite size effect is expected to be small in the
system we are studying here. This is because the hydrodynamic
interactions, which are responsible for finite size effects in the
calculation of dynamic properties (e.g,, diffusion coefficient) in MD
simulations, are strongly screened by the PBDT rods in our system.

3. RESULTS AND DISCUSSION

3.1. Structure of lonic Liquids in lon Gels. Near
extended surfaces, RTILs exhibit distinct structures at
intermolecular and larger (e.g, intersurface) scales.”>>*
These structures and their response to external stimuli (e.g., a
change of the distance between extended surfaces) often
control macroscale observables such as the interactions
between extended surfaces. In our ion gels,16 distinct structures
of RTILs should also develop, both at inter-rod and
intermolecular scales. The structure of RTILs at the inter-rod
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scale likely plays a key role in controlling the interactions
between the polyanions and thus ultimately the mechanical and
transport properties of the ion gel. Quantifying the structure of
RTILs at this scale is complicated: although PBDT polyanions
are highly ordered, there exist small variations in their
orientation and their separation from other PBDT polyanions,
and hence the RTIL structure must in principle be quantified
between all PBDT polyanions simultaneously. To circumvent
this complexity, we first consider the RTIL structure in a special
case, in which perfectly aligned PBDT polyanions were
arranged into a hexagonal lattice and fixed throughout the
simulation. Figure 2 shows the distribution of C,mim" and

¥ (nm)

0

X (nmj}

X (nm)

Figure 2. Density distribution of C,mim* (a) and TfO™ ions (b) in the
interstitial space between the PBDT polyanions in an ion gel. PBDT
rods are fixed into a hexagonal lattice in the simulation, and the rod
spacing is 2.2 nm. The ion density is color-coded, and the unit of the

colorbar is nm™3.

TfO™ ions in the interstitial space between PBDT rods when
the rod—rod distance is 2.2 nm. A layer of C,mim" ions adsorb
on the surface of the negatively charged PBDT rods. The
adsorption of these ions is not uniform along the rod’s
circumference because the sulfonate groups are distributed
discretely on the PBDT rod. Some TfO™ ions are also found on
the rod’s surface. Visualization of the trajectories revealed that
these anions are in contact with the PBDT rod’s hydrophobic
backbone, and they are partially shielded from the sulfonate
groups by the C,mim" ions solvating these groups. The first
cation layer around the PBDT rod is further surrounded by a
layer of TfO™ ions. These TfO™ ions form a hexagonal pattern,
reflecting the pattern for the arrangement of PBDT rods.
Hence, at a rod—rod separation of 2.2 nm (or equivalently, a
PBDT mass fraction of ~16% in the gel), the distribution of
ions not immediately adjacent to the PBDT rods are already
heavily affected by the packing of the PBDT rods. Finally,
Figure 2 also shows that very few ion can reach a distance <0.5

nm from the rod’s axis. Using the surface area of a cylinder with
a radius of 0.5 nm and the charge on the PBDT rod (—2.38 ¢/
nm), the effective surface charge density of the PBDT rod is
determined as —0.12 C/m?

The inter-rod structure of RTILs shown in Figure 2 also
exists when the PBDT rods are mobile (hereafter all results
were obtained from simulations with mobile PBDT rods).
Figure 3a shows the average ion density as a function of
distance from the PBDT rod axis. The RTIL structures revealed
here are similar to those shown in Figure 2: C,mim" ions and
TfO™ ions form alternating layers near the rod and some TfO~
ions appear at positions next to the PBDT rods’ surface. The
former is a hallmark of the distribution of RTILs near charged
surfaces.”***® The latter is consistent with the anion
concentration distribution shown in Figure 2 but rarely
reported in studies of RTILs near solid surfaces with similar
charge densities."* The notable adsorption of anions on
surfaces occurs because, unlike in prior studies where charges
are distributed uniformly on surfaces, here charges are
distributed discretely along the PBDT rod in the form of
sulfonate groups and there is space between these groups. This
space is occupied primarily by the cations. However, some
anions can also access this intercation area since their repulsive
electrostatic interactions with the sulfonate groups are partially
compensated by their attractive interactions with the cations
adsorbed on the rod’s surface.

To explore how RTILs screen the charge of the PBDT rods,
we computed the charge screening factor f as a function of
radial distance r from the rod axis™*

1 r
B(r) = " fo 217 (s)ds o

where p.(s) is space charge density due to ions at a radial
distance s and gy is the charge on the PBDT rod per unit length
(—2.38 ¢/nm). At positions with # > 1.0, the surface charge on
the rod is overscreened. Charge overscreening is a universal
feature of the electrical double layers at the interfaces of RTILs
and surfaces with low to moderate charge densities.”** Figure
3b confirms that charge overscreening also occurs near PBDT
rods. Since charge overscreening often leads to attractions
between like-charged surfaces or polyelectrolytes,” the results
shown in Figure 3b may help explain the mechanical strength of
the ion gel studied here. Exploring the relation between charge
overscreening (or more broadly, the RTIL structure in ion gels)
and collective ionic interactions between charged rods and
RTILs will form the basis of future studies.
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Figure 3. Ion density (a) and screening factor § (b) as a function of the radial distance from the PBDT rod axis in an ion gel. The positions of the
C,mim* and TfO~ ions are taken as atoms NE1 and ST in Figure la, respectively. The nominal rod spacing in the ion gel is 2.2 nm.
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The structures of RTILs in ion gels with different nominal
PBDT rod spacing are similar to those revealed in Figures 2
and 3a. In particular, as the rod spacing decreases from 2.8 to
2.0 nm, the amount of the C,mim* and TfO~ ions in the first
two ion layers near the PBDT rod only changes slightly (see
Figure S4). To understand this, we note that the contact
adsorption of C,mim" ions on a PBDT rod is governed mostly
by short-range electrostatic interactions with the sulfonate
groups on this rod. Since these interactions are not greatly
affected by the change of rod spacing (at least in the range
explored here), the number of C,mim" ions in contact with the
sulfonate groups (and thus the PBDT rod) does not depend
sensitively on the rod spacing. To see this quantitatively, we
analyzed the density distribution of ions around the sulfonate
groups in ion gels with different rod spacing and the results are
shown in Figure 4. The sharp C,mim" peak at r = 0.49 nm

11
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Figure 4. Radial density profiles of C,mim" and TfO~ ions as a
function of the ion distance to the sulfonate groups of the PBDT rod.
The sulfur atom of the sulfonate group is taken as the origin.

indicates that each sulfonate group is coordinated (or
“solvated”) by several C,mim" ions, and this coordination (or
“solvation”) changes weakly as the rod spacing varies.

Overall, the above results revealed that RTIL ions confined
between PBDT rods are strongly heterogeneous and exhibit

distinct structures at both inter-rod and smaller intermolecular
scales. The structures at the inter-rod scale share key features of
the RTIL structure near extended surfaces or within nanopores,
but the chemical heterogeneity within each individual rod and
the packing of PBDT rods also introduce new features into
these structures. These correlated ion localizations form what
we might call an “electrostatic network” that spans the entire
ion gel, and which may give rise to the mechanical cohesion in
this new class of ion gel materials.

3.2. Dynamics of lonic Liquids in lon Gels. 3.2.1. Basic
Features. Figure S5a shows the mean square displacement
(MSD) curves of C,mim" ions in bulk and in ion gels with a
nominal rod spacing of 2.2 nm. The MSDs for ions in bulk
liquids and in ion gels share some common features: all MSD
curves exhibit three distinct regimes: the ballistic, subdiffusive,
and diffusive regimes.”” At the sub-picosecond time scale, a
C,mim" ion does not yet interact with its neighbors. It thus
moves nearly ballistically and the MSD increases sharply with
time. At a time scale of roughly 1 ps, the ion interacts with the
ions surrounding it and its movement is hindered by the cage
formed by neighboring molecules. Hence the MSD increases
sublinearly, and the ion dynamics are subdiffusive. At a longer
time scale (100—1000 ps and longer), the C,mim" ion escapes
the cage formed by its neighbors, and its MSD increases linearly
with time as the ion dynamics reaches the diffusive regime.

Ion dynamics in these ijon gels also show important
differences from those in bulk liquids. First, the transition to
the diffusive regime occurs at ~2 ns in ion gels, much later than
the ~200 ps in bulk liquids. Second, ion diffusion is slower (a
factor of 2—10) than in bulk liquids. Third, in line with
experimental observations, the diffusion coefficient of C,mim*
ion in the direction along the rod (Dy = 3.6 X 10" m*/s) is
larger than in the direction across the rod (D, = 2.3 X 107"
m?/s). The first two observations originate from the association
of C,mim" ions with the sulfonate groups on the PBDT rod. As
shown in Figure 4, several C,mim" ions are in close contact
with each sulfonate group. Since these C,mim® ions are
attracted to the sulfonate group quite strongly, they are
hereafter called “sulfonate-associated ions”. However, we note
that any given associated cation will have a lifetime of
approximately S ns on any given polymer-fixed SO;  anion
(See Figure 6 below). This means that these associated cations
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Figure S. Mean-square-displacement (MSD) curves of C,mim* (a) and TfO~ (b) ions in bulk and in ion gel with a nominal rod spacing of 2.2 nm.
The xy-component of the MSD curves was divided by a factor of 2 to facilitate its comparison with the z-component of the MSD curves. In (a), the
differences between the MSDs in the xy- and z-directions are not easily discerned in the log-scale plot. The differences between these MSDs are

more easily observed in the linear scale plot shown in Figure SS.
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are diffusing and exchanging with “free” cations on this
relatively fast time scale.

1

e e o
B ) o

<c(0)c(t)>

o
N

] 3 10 15

Time Sns)

Figure 6. Time correlation function for the sulfonate-C,mim" ion
coordination in an ion gel with a nominal rod spacing of 2.2 nm.

To understand how the sulfonate-associated ions contribute
to the first two observations, we note that any ion in a RTIL
exists in the cage formed by its neighboring counterions.”"***’
The dynamics of an ion depends strongly on how easily the ion
can escape its cage. For the sulfonate-associated C,mim* ions,
escaping their cage usually necessitates leaving the first
coordinate shell of the sulfonate group. This is more difficult
than C,mim" ions escaping the coordination shell of their
neighboring TfO™ ions in bulk liquids because the sulfonate
group is nearly stationary while TfO™ ions in bulk liquids
themselves diffuse randomly. Consequently, the transition of
the MSD to diffusive regime is delayed and the diffusion is
slower than in bulk liquids. To see how fast a sulfonate-
associated C,mim" ion escapes the coordination shell of its host
sulfonate group, we computed the time correlation function for
sulfonate-C,mim* coordination

ACE(t) = (c(0) (1)) )

where ¢(t) is an indicator of the sulfonate-C,mim* coordina-
tion. c(t) is defined as 1.0 if a C,mim" ion in the coordination
shell of a sulfonate group (i.e., the first density peak in Figure
4) at time t = 0 is continuously coordinated to the sulfonate
group by time t. Figure 6 shows that ACF,(t) decays to 0.1 in a
few nanoseconds, which is similar to the time scale at which the
MSD of C,mim" ions in ion gels transition to the diffusive
regime (see Figure Sa).

To confirm that sulfonate-associated C,mim* ions contribute
most significantly to the overall slow diffusion of the C,mim"
ions in the ion gel, we term the C,mim® ions not in the
coordination shell of any sulfonate group to be “free” ions. We
then computed the self-part of the van Hove correlation
function G(r,t) for the sulfonate-associated ions and “free”
C,mim" ions using

Gr, ) = == 30 (6lx +5(0) = (1)) o

where 5(-) is the delta function, r; is the position of ion i. The
function 472r*G,(r,t) measures the probability that a particle has
moved to a distance r away from its position at time ¢ = 0.
Figure 7 shows the function 47r°G(r,t) for the sulfonate-
associated and free C,mim" ions in the ion gel at several time
instants. Compared to those of the free ions, the peaks of
4nr*G(r,t) for the sulfonate-associated ions are narrower and
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Figure 7. Self-part of the van Hove correlation function 47r*G,(r,t) for
the sulfonate-associated and free C,mim* ions in an ion gel with
nominal rod spacing of 2.2 nm.

shift systematically toward smaller distance r, thus confirming
that these ions diffuse slower than the “free” ions.

We also observe anisotropy of ion diffusion in the gel, which
arises from several factors. First, due to hydrodynamic
interactions, the hydrodynamic self-mobility of a particle
adjacent to a planar surface is reduced compared to that in
bulk fluids, and the reduction is more significant in the
direction normal to the surface than parallel to the surface.**
Such an effect, although expected to be weaker near PBDT rods
due to their small radius, should still lead to a faster diffusion of
ions parallel to the PBDT rod axis than normal to the PBDT
rod. Second, the different pathways for ion transport along and
across the rods also contribute to the anisotropy of the ion
diffusion coefficient. Since the PBDT rods are well aligned, the
movement of ions across the rods involves much more
torturous pathways compared to that along the rods, leading
to a smaller ion diffusion coeflicient in the rod-perpendicular
direction. This geometrical effect is further amplified by the
presence of sulfonate-associated C,mim" ions, which can
associate with the sulfonate groups for a prolonged time
period. As shown in Figure 8, these low-mobility ions create
significant restrictions to ion diffusion perpendicular to the
rods, thus enhancing diffusion anisotropy.

Figure 8. Top view snapshot of the ion gel with a nominal rod—rod
spacing of 2.2 nm. The C,mim" ions within the first coordination shell
of the PBDT rod sulfonate groups are also shown. The red dashed
lines denote the boundary of the simulation box.
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Figure 9. Diffusion coeflicients of C,mim* (a, c) and TfO™ (b, d) ions in ion gels with different PBDT mass fraction and residual Na* ions. Table 1
lists the nominal rod—rod spacing corresponding to the various PBDT mass fractions. The diffusion coefficients of the C,mim" and TfO~ ions are
22.0 X 107" and 12.1 X 107" m?/s in bulk [C,mim][TfO], respectively. Error bars are generated as described in section 2 (methods).

Thus far, we have examined only the dynamics of the
C,mim" ions in the ion gel. Figure 5b shows that the dynamics
of the TfO™ ions exhibits similar features as the C,mim" ions.
That is, compared to those in bulk RTILs, the transition of the
MSDs to the diffusive regime is delayed and the diffusion of the
TfO™ ions is slower. These features are likely caused by the
strong association of many TfO™ ions with the sulfonate-
associated C,mim" ions: Since the dynamics of the sulfonate-
associated C,mim" ions is sluggish, the TfO™ ions in their first
coordinate shells will also be sluggish. In other words, cations
and anions in the ion gel form an expansive, dynamic network
due to the ion—ion electrostatic interactions. This “electrostatic
network”, already visible in the ion distribution shown in Figure
2, presumably contributes to the strong cohesion of the ion gel
while also playing a fundamental role in the dynamics of ions.
Importantly, many cations in this electrostatic network can
become temporarily associated (~S ns) with the stationary
sulfonate groups of the PBDT rods, which tends to both anchor
the electrostatic network and also slow down the dynamics of
both cation and anions in the ion gel.

3.2.2. Effects of PBDT Loading. Figure 9 shows the effects of
PBDT mass fraction (or equivalently, the nominal rod—rod
spacing) on the diffusion coefficients of C,mim* and TfO~
ions. The diffusion coefficients of C,mim* and TfO~ ions are
normalized using their respective bulk liquid values to better
illustrate how rod—rod spacing affects the dynamics of these
ions. Figure 9a shows that, Dy and D, of the C,mim" ions
decrease as the rod spacing decreases. We attribute this to the
fact that, although the number of sulfonate-associated C,mim"
ions in the ion gel does not change greatly as the rod spacing
decreases (cf. Figure 4), the fraction of sulfonate-associated
C,mim" ions increases. Since the sulfonate-associated C,mim"
ions diffuse slower than the “free” C,mim" ions in the gel, the
average diffusion coefficient of C,mim" ions decreases. A
similar decrease of diffusion coeflicient is observed for the TfO™
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ions (see Figure 9b). This is likely caused by the following
factors. In the electrostatic network formed by C,mim" and
TfO™ ions that spans the entire ion gel, the dynamics of TfO™
ions are strongly correlated with that of the C,mim"® ions.
Hence a slowdown of the dynamics of the C,mim" ions at
higher PBDT loading is accompanied by a slowdown of the
dynamics of the TfO™ ions. Figure 9c and d shows that the
anisotropy of ion diffusion in the gel is maintained in most of
the gels studied here. However, a definite trend cannot yet be
established due to the large statistical uncertainty of the data.

These MD simulations have captured the overall trends of
the ion dynamics in ion gels, e.g., the decrease of ion diffusion
coefficients as the PBDT loading increases and the notable
diffusion anisotropy. However, some differences between
simulations and experiment'® do exist. The predicted slowdown
of ion diffusion at increased PBDT loading is more significant
than that measured experimentally. The predicted transport
anisotropy is similar for C,mim" and TfO~ ions, while
experiments indicate a more distinct anisotropy for the TfO™
ions. These differences can originate from several sources. First,
the force fields adopted here are parametrized for bulk liquids,
and thus they may not capture the dynamics of RTILs confined
in the highly heterogeneous environment in the ion gels.
Second, the model adopted for the PBDT rods is relatively
crude, although it captures some key features of the rods.
Finally, experimentally, there are residual Na* ions in the ion
gel, which are not taken into account in the above calculations.
As shown below, these ions can significantly affect RTIL
dynamics in the ion gel.

3.3. Structure and Dynamics of lonic Liquids in lon
Gels with Residual Na* lons. As discussed in section 2, some
of the Na' ions in the aqueous PBDT seed solution used to
prepare the ion gels remain in the dried gel.m’33 To study how
these Na' ions affect the structure and dynamics of RTILs in
the gel, we built an ion gel with Na® ions. In the pre-
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equilibration step, PBDT rods were fixed into a hexagonal
lattice with a rod—rod spacing of 2.2 nm. Na" ions were first
inserted between the PBDT rods to balance 50% of the charges
on the PBDT rods, which is in line with the experimental
observation that ~50% of the Na® ions in the original seed
solution are found to remain in the dried ion gels (see
Supporting Information section 9). Next RTIL layers were
placed at the two ends of the PBDT rods, and the pre-
equilibration step proceeded as in the case for ion gels without
Na* ions. This step was then followed by further equilibrium
and production runs as described in section 2, during which the
PBDT rods were allowed to move. Within the time scale (~100
ns) examined here, all Na* ions stayed in the ion gel zone
(denoted using a green box in Figure 1b), consistent with the
counterion condensation effect found for PBDT solutions.*
Therefore, Na* ions balance 50% of the negative charge on the
PBDT rod, which is within the range found experimentally.
Figure 10 shows the ion distribution near the PBDT rods.
We observe that Na* ions are concentrated near the surface of
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Figure 10. Ion density as a function of the radial distance from the axis
of a PBDT rod in ion gels with and without residual Na® jons.
Nominal rod spacing is 2.2 nm.

Distance from rod axis(nm)

the PBDT rods. Compared to those in ion gels free of Na* jons,
the height of the first C,mim" peak decreases while that of the
first TEO™ peak increases. Here we postulate that, because Na*
ions are small, they are attracted toward the sulfonate groups of
the PBDT rods more strongly than the bulky C,mim* ions,
thus displacing C,mim" ions from the rod. The Na* ions
adsorbed on the sulfonate groups in turn attract TfO™ toward
the rod, leading to an enrichment of TfO™ near the rod. These
postulations are corroborated by the calculations of the radial
density distribution around the sulfonate groups. As shown in
Figure S6, when Na" ions are introduced into the ion gel, they
approach the sulfonate groups more closely than the C,mim®*
ions. These Na" ions screen the electrostatic interactions
between sulfonate groups and C,mim" and TfO~ ions, which
leads to a reduced coordination of the sulfonate groups by the
C,mim" ions and closer approach of the TfO™ ions toward the
sulfonate group.

The change of RTIL structure in the gels induced by residual
Na' ions leads to changes in RTIL dynamics (see Figure 9).
Na* ions speed up the diffusion of the C,mim" ions, which is
consistent with the weakened association of C,mim" ions with
the PBDT rods (see Figure S6). Na* ions, however, slow down
the diffusion of TfO™ ions in the gel. This is likely because
TfO™ ions in the gel are more strongly coordinated with the
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less mobile Na* ions adsorbed on the PBDT rods. We propose
to systematically test the effect of Na* concentration on the
diffusion of C,mim" and TfO~ ions in future experiments.

4. CONCLUSIONS

In summary, we have studied the structure and dynamics of
[C,mim][TfO] in sulfonated aramid-based ion gels using MD
simulations. This type of gel differs greatly from other polymer-
based ion gels in that RTILs are dispersed between rigid, highly
aligned, rod-like polyanions. The structure of RTILs in the ion
gel exhibits features that are both unique to this ion gel as well
as similar to ionic ordering near extended surfaces. For
example, because of the discrete distribution of sulfonate
groups and presence of hydrophobic domains on the PBDT
rods, association of C,mim* ions with the sulfonate groups of
the PBDT rods and notable presence of anions on the surface
of the negatively charged rods are observed. These RTIL
structures can be modified to different extents by factors such
as PBDT mass fraction (ie, rod—rod spacing) and the
presence of smaller inorganic ions in the gel. On the other
hand, alternating layering of C,mim" and TfO™ ions and charge
overscreening, the hallmark of RTIL structure near charged
surfaces, are also observed near the PBDT rods.

The RTIL dynamics predicted by our MD simulations agree
qualitatively with that measured experimentally but some
important differences exist. These differences may originate
from the relatively simple models adopted in the present
simulations. For example, the RTIL force fields are based on
charge rescaling, which may not function well in the
heterogeneous environment found in these ion gels. Likewise,
the semi-coarse-grained rod model for the PBDT polyanions
may not resolve important chemical details of these polyanions.
In the future, RTIL force fields developed from first-
principles*” and all-atom models for PBDT polyanions need
to be adopted to obtain a more accurate understanding of the
structure and dynamics of RTILs in ion gels.

Since the distinct ordering of cations and anions both near
the sulfonate groups and in the interstitial space between the
PBDT rods are driven primarily by the electrostatic ion—ion
interactions, we may view the heterogeneous structure formed
by the ions as an “electrostatic network” that spans the entire
gel. Such an electrostatic network, while far from being static,
can impact greatly both the mechanical and transport
properties of the ion gel. For example, the charge over
screening underlying such a network likely contributes to the
attraction between PBDT rods and thus to the mechanical
cohesion and high modulus of the gel. Likewise, since some of
the cations in the network are associated with the sulfonate
groups of the PBDT rods, these associated ions tend to slow
down the dynamics of the ions in the entire network. Even so,
the ions on average diffuse quite fast (D ~ 107" m*/s) in these
high modulus gels, showing promise for these materials to
enable, e.g, high density Li-metal batteries.

Finally, we expect that specific molecular interactions, which
vary substantially with IL chemical structure and are driven by,
e.g, charge distribution and hydrophobicity, will strongly affect
the final gel properties. RTIL correlations (nanometer-scale
structuring) will influence both conductivity and modulus in
these gels. For example, we expect that ILs with stronger
correlations in time and space (as reflected in radial distribution
functions and velocity autocorrelation functions) will drive the
formation of higher modulus gels.
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