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ABSTRACT: We used atomistic molecular dynamics simulations
to study the properties of polymerized 1-alkene-3-butylimidazolium-
hexafluorophosphate, a polymerized ionic liquid electrolyte, and characterized
the/influence of the linear alkene length on the mobility of the hexafluo-
rophosphate ions. Consistent with experimental observations, our simulations
indicate that as the alkene length increases, the diffusivity of hexafluorophos-
phate anion monotonically increases. We demonstrate that such a trend arises
from the influence of linker segments on the intermolecular ion hopping rates,
which is in turn modulated by intermolecular cationic separation distances.
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Lithium-ion batteries continue to be a popular thrust of research for portable power
storage and energy solutions.' 3 A particular focus of the efforts in this context has been on
the design of polymer materials which can simultaneously provide the mechanical strength
and charge transport properties desired in electrolytes for such applications.*” However,
liquid and neutral-polymer electrolyte materials consisting of simultaneously mobile anions
and cations exhibit performance-hampering charge polarization as a result of the coordinated
diffusion-of counterions and subsequent buildup of anions near the anode.®!° In such a
contextysingle-ion conductors (SICs), representing materials in which either the anions or
cations are covalently attached to a macromolecule of low mobility, have been proposed
as a solution. In such materials, the coordinated diffusion of the ion pairs is significantly
redueed, and as a result, the charge polarization effects are virtually eliminated, resulting in
transference numbers close to unity. ! 1°

Ionic liquids (ILs) are a class of materials which have attracted significant attention in
view of their excellent chemical stability, low volatility and toxicity, and desirable compatibil-
ity with various polar and ionic media.'®'® Due to such features, polymerized ionic liquids
(polyllus) have emerged as popular SIC materials. Such efforts were pioneered by Ohno
andtIto’s work on polymerizing imidazolium and sulfonamide salts.'® Subsequent work by
Ohno'demonstrated that improvements could be made on the conductivity by swapping the
anionic and cationic moieties, and by doping the polylLs with salts containing plasticizing
ions.?’ Comprehensive reviews have summarized the progress made since then for polyILs as

2122 and we refer the interested

polyelectrolyte materials for batteries and other applications,
reader to such sources for a discussion of the accompanying developments.

Alnumber of different physicochemical parameters have been examined to understand
(and optimize) the transport properties of polyILs.?*?> The motivation for the present study
comes from a set of (superficially) conflicting experimental reports pertaining to the influence
of the length of the side chain of ILs upon the transport properties of polylLs. Specifically,
for polymerized 1-vinyl-3-alkylimidazolium, Salas-de la Cruz and coworkers reported a de-
crease in conductivity with increasing length of the Group 1 alkyl side chain in Figure 1.%¢ In

contrast, Choi and coworkers reported increasing ionic conductivity with increasing Group 2

alkyl length (Figure 1) for a similar imidazolium-based polyIL.%"?® Together, such observa-
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Figure 1. Schematic of polymer used in this study. Groups are color-coded and alkyl seg-

ments are numbered for reference in body text. *Terminated on left with H and right with
CH;

2 “what are the mechanisms underlying the influence of the

tionsthave raised the question,
linker side-chain length on the transport properties of polylLs?”

In-the present communication, we report the results of atomistic computer simulations
which were used to study the structure and mechanisms underlying the effect of Group-
2-linker length (/) on the transport of non-polymerized ions (Figure 1). We quantify the
struetural organization in such systems through the radial distributions and the average
intermolecular separation between cationic groups. Inspired by our recent findings in the
context of jon transport mechanisms in polylLs,?® we employ an analysis tool for identifying
ionig association /dissociation processes to elucidate the connection between the interchain
ion-hepping mechanism and the PFy diffusion, and thereby identify the origins underlying
the influence of side chain linker length.

In a regent article, we studied the transport properties of PFg counterions in poly(1-
butyl-3-vinylimidazolium) electrolyte membranes (which corresponds to the case of [ = 0
in our motation of Figure 1).3° In such a context, we employed the force field parameters
originating from Jorgensen’s optimized potentials for liquid simulations-all atom (OPLS-
AA) forcefield,?! modified by Sambasivarao et. al.3? for use in ionic liquids. Additionally,
Mogurampelly et. al. developed intramolecular parameters for the bond, angle, and dihedral
interactions of the polyethylene backbone.?® We adopted those parameters in the present
study, while incorporating additional parameters for the linker atoms. Tables S1-S7 of the
Supporting Information provide a complete list of these parameters, and section 1.B describes
the development of the force field parameters in additional detail. Quantum chemistry cal-

culations were employed to obtain the charge distribution for the monomers. The software
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package Gaussian 09 was used to optimize the monomers and to map the electrostatic po-
tential using the B3LYP functional with the 6-311G(d,p) basis set.*® The antechamber tool
was used to collect the partial charge of each atom.3%3

Atemistic simulations were carried out using LAMMPS software.3¢ The polymers were
constructed and packed randomly into a simulation box containing eight polylLs of 64
monomers each, along with 512 PF; counterions.®” Simulations in the present work eval-
uate Coulombic interactions for particles within 10 A using a direct sum, and using the
particle-particle particle-mesh solver with a tolerance of 1 x 10~ outside of that cutoff.383?
Lennard-Jones intermolecular interactions were evaluated with the same cutoff, while em-
ploying tail corrections. Simulations in the present work were conducted in the NPT en-
semble, adjusting temperature every 0.1 ps and pressure every 1 ps using a Nosé-Hoover
thermostat and Parrinello-Rahman barostat, with periodic boundary conditions and fixed
linear momentum.4%43 All simulations were conducted with a timestep of 1 fs. Section I.D
of the Supporting Information details the above simulation procedure, along with a complete
description of the initialization and equilibration procedures.

Webegin our discussion of results by presenting the focal result of this article; namely, the
diffusivity of PF; ions as a function of linker size (2(a)) and temperature (Figure 2(b)). The
mean squared displacement (MSD) of such PFy ions were used to determine their diffusivity

through the Einstein relation:

D = lim it<(r<t) —r(0))?), (1)
where r(t) denotes the position of PFg ions at time ¢. The results for the mean-squared
displacements of the ions and the slopes of a power law fit to such results are presented in
section II.A of the Supporting Information. From the results displayed in Figure 2(a) at a
specified temperature, diffusivity is seen to increase as the linker length increases, matching
the experimental results of Choi and coworkers. 2728
Structural characteristics such as aggregate sizes and scattering profile have been widely

used in prior studies to understand the mechanisms underlying transport phenomena in

polymer electrolyte and SIC systems.!?46515L52 Pigure 3 displays the radial distribution
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Figure 2: (a) Diffusivity as a function of linker length [ (b) Diffusivity as a function of inverse
temperature for polylLs of different linker sizes [. The lines represent a guide to the eye.

functions, g(r), for the anion-cation pairs for the systems considered in the present article.
Specifically, the cation is represented by the center of mass of imidazolium-ring atoms owing
to the.dominant share of positive charge, while the anion is represented by its full center of
mass/ The strongest electrostatic interactions exist between PFy and these atoms, justifying
their incorporation into the cationic center of mass. A sharp and consistent peak is seen for
all linker sizes at an interionic distance of 5.5 A. This suggests that the cation-anion local
structure (with respect to the distance characterizing the first peak) is not influenced by the
size of the linker groups in the polyIL. However, the most notable difference can be found in
the intensity of the first peak, which is seen to increase monotonically with the size of the
linker. Such trends are indicative of a stronger interaction between the cation and anion for
larger-linker sizes, and can be understood to be a result of the weaker impact of backbone
related constraints hindering the ion pair coordinations.

A second peak is seen in g(r) at a distance of 12.5 A for [ = 4 and 6, but is seen to be
shiftedto. 11-11.5 A for [ = 2. Such trends are consistent with our results for [ = 0 reported

1,30 wherein it was shown that relative to pure (non-polymerized) IL,

in Mogurampelly et a
the polymerization of the IL leads to a closer cation-anion second peak. It may be envi-
sioned that systems with longer linker chains exhibit a behavior closer to non-polymerized

ILs due to the accompanying reduction in backbone-related constraints. The extent of sec-
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Figure 3: Radial distribution function of cation-anion coordination at 500 K.

ond_eoordination shell and corresponding peak value may indicate slightly increased ionic
displacements with linker length. However, since the first peak is stronger, it is not clear
whether the combined structural features revealed by ¢(r) could explain the effect of linker
length on ionic diffusivities. Overall, the above results indicate that, at the level of equilib-
rium cation-anion coordination behaviors, there are no specific signatures which rationalize
the enhanced PF; diffusivities observed for longer linker systems.

In a recent work from our group,®® we used atomistic-molecular-dynamics simulations
to demonstrate that ion transport in polylLs occur through a mechanism involving intra-
and inter-molecular ion hopping through the formation and breaking of ion-associations.
As alconsequence, the ion mobilities in polylLs were shown to be inversely correlated to
the awverage lifetimes of the cation-anion associations. Such results were shown to be in
contrast with the behavior in pure ILs, wherein the structural relaxation times served as the
critical patameter underlying ion mobilities.30%3"* Motivated by such earlier findings, in the
present work, we sought to characterize whether the linker-size-dependent ion diffusivities
are correlated to the respective average lifetimes of the ion associations, and if so, the manner
by which the linker size influences the latter time scales.

In the context of polylLs, we previously showed that the continuous time autocorrelation
function (defined below) and the associated time scales were the relevant quantities which
tracked the ion diffusivities.?® Such a correlation function was proposed by Chandra,®® and

invokes an “association” variable h(t), which has a value of unity when a pair of ions is
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within a cutoff distance (chosen as 6.5 A in our work based on the coordination behavior
between the ions), and is null otherwise.?® Based on the association variable, we define a
function H(7) to hold a value of unity as long as that pair of ions remains associated. Once
dissociated, H (1) is assigned a value of zero, irrespective of the ion-association state in the

future frame:

Lo (r<6sa) A (h) = 1)v(t <t <1+ 7)

H(r) = (2)

0, otherwise.

In a physical sense, the variable h(t) simply represents the association between two ions at
time ¢. The function H(7) represents the continuous association of two ions from time ¢y to
to +7and its characteristic time scale is the average lifetime of ion associations. To quantify

the time scales of ion-pair associations, we define the time correlation function S(7):%°

S(r) = (h(to)H (to + 7)>. 3)

{h)

The time correlation function S(7) can either be numerically integrated, or alternatively, fit

to a stretched exponential function and analytically integrated to obtain the average lifetime

S(7) = agexp (— <all)a2> (4)

of ion associations, g,

and

1
T = apail (1 + —) (5)
a2

In Figure 4(a), we present results for the ion diffusivities as a function of 7¢ obtained
from fitting the decay to the stretched exponential function. We observe that the ion dif-
fusivitiesin different polylL linker systems can indeed be collapsed onto an approximately
universal function when plotted in such a representation. Such results are consistent with
the conclusions of our previous work,’ and suggest that the mechanisms underlying the
results displayed in Figure 2(b) are likely tied to the influence of the linker on the average

lifetimes of the ion-pairs. Such a reasoning is confirmed in the results of Figure 4(b), which
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Figure 4: (a)Diffusivity of PF; as a function of 7¢ for different linker lengths [ and tem-
perature T and (b) Average lifetime of ion pairs, 7g, as a function of linker length [ and
temperature 7. The lines represent a guide to the eye.

explicitly displays the average lifetimes of the ion-pairs 75 as a function of the linker length
and temperature. Therein, it can be seen that with increasing linker length, there is a re-
duction. in _average lifetimes of the ion-associations 7¢ — a result which mirrors the behavior
observed for the ion diffusivities (Figure 2(a)).

Since the ion pair lifetimes are expected to be influenced by the number and rate of
inter /intramolecular hopping events, we turn our attention to the latter characteristics and
the influence of linker size upon such features.?® For such an objective, we use a 1 ps time
interval to collect the association variable h(t), which changes from null to unity (or unity
to null) when the PFy ion becomes associated (dissociated) with a cation. We identified
two categories of hopping events: intramolecular and intermolecular. Intramolecular hop-
ping events characterize hopping motion of a PFy ion from monomer to monomer on the
same polymer. In contrast, intermolecular hopping events represent PF; hopping among
monomers of different polymers. Section II.D of the Supporting Information describes hop-
ping events in detail, supplying exact definitions and special examples to ensure the reader’s
understanding.

In Figure 5 we present results depicting the number of intra- (denoted as N;) and in-
termolecular (Ny) hopping events as a function of the linker length and temperature. We

observe that polylLs possessing longer linker segments exhibit a larger number of intermolec-
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Figure 5: Frequency of intra (solid symbols, N7), inter (open symbols, Ns) and total (no
symbols) molecular hopping events per PFy per ns. Lines represent a guide to the eye.

ular hopping events, Ny, and a smaller number of intramolecular events, N;. Moreover, it
can be seen that the total number of hopping events (N7 + Ny) increases with increasing
linker.size: Together, the results indicate that the transition to longer linkers leads to a
larger mumber of intermolecular-ion-hopping events, which lowers the average lifetimes of
the ion associations and leads to higher ion mobilities.

As a final step in the understanding of the ion mobility characteristics, we seek to identify
the origin of the linker size’s influence on the intermolecular hopping events. In this regard,
we were inspired by the works of Annapureddy®” and Salas-de la Cruz,?® which pointed to the
intermeolecular separation distance of polymerized-ionic groups as an important length scale
in ionie liquids.?® To characterize such a measure, we compiled the average intermolecular-
nearest-neighbor distance between cationic centers-of-mass, d,. The results are presented in
Figure 6, wherein it can be seen that an increase in the linker size leads to a reduction in
the intermolecular distance between cationic Im™* groups, d,.

The above results indicate that the influence of linker size on the intermolecular hopping
events can'be traced back to the role of the linkers in modulating d,. More explicitly, an
increase in the linker size of polylLs leads to more proximally located intermolecular cationic
groups, which increases the frequency of intermolecular hopping events and the associated
rate of ion pair hopping events. Such characteristics manifest macroscopically as enhanced

PFg mobilities (and conductivities).
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Figure6: Average minimum intermolecular distance d, between Im™ as a function of the
linker.size [ and temperature. The lines represent a guide to the eye.

We propose that our above finding is consistent with the (apparently) conflicting ex-
perimental observations of Salas-de la Cruz et al., who reported a decrease in conductivity
with inereasing length of the Group 1 alkyl side chain in Figure 1.2¢ Our results showed a
closer approach of cationic groups due to the increased length and flexibility of the Group-2
linker segment. In contrast, extending the Group 1 alkyl chain, such as in the work of Salas-
de la/ Cruz, is more likely to reduce the possibilities for cation rearrangement and increase
the corresponding intercationic distances. Therefore, for situations where the Group-1 side
chain, length is increased, we expect the propensity for intermolecular hopping to be low-
ered,/and the corresponding rates of ion pair hopping events to become slower. In turn, such
characteristics are expected to manifest in lower ion mobilities as noted in the experiments. 26

In'summary, this study probed the effects and mechanisms underlying changes in monomer
linker length on the transport properties of polylLs using atomistic simulations. Our simu-
lation.results were consistent with experimental observations that an increase in the linker
length leads to a corresponding enhancement in anion mobilities. We rationalized our results
and related experimental observations by demonstrating that ion motion in such systems
proceeds primarily through intra- and intermolecular hopping. Moreover, an increase in the
linker length was shown to increase the propensity for intermolecular ion hopping through

the influence of the former upon the intermolecular cationic distances. The results of our

This articleis protected by copyright. All rights reserved.



study highlight the intermolecular cationic distances as a novel physicochemical parameter,
which can be tuned to influence the ion transport characteristics of polymerized ionic liquid

membranes.
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