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1 | INTRODUCTION

Solid polymer electrolytes (SPEs) are emerging as promis-
ing candidates for lithium ion batteries (LIBs) as means
to overcome issues relating to flammability, liquid
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Abstract

We used atomistic simulations to study the mechanisms of ion transport in salt-
doped polymeric ionic liquid systems at higher salt concentrations. Consistent
with the experimental observations, our simulations indicate that at higher salt
concentrations, the anion mobilities become lower than that of the lithium cat-
ions. Further, the anion mobilities become relatively insensitive to the salt concen-
tration, while the mobilities of lithium increase with increasing salt concentration.
We rationalize the results for the anion mobilities by considering the fractions of
anions which are exclusively coordinated with the polycations (Typel); co-
coordinated with cations and lithium (Type2); and those exclusively coordinated
with lithium (Type3). By considering the coordination characteristics of the differ-
ent types of anions and their hopping motions, we demonstrate that the net anion
mobilities results from a compensation effect of the salt concentration dependence
of the mobilities of the different anions. With respect to the mobilities of the lith-
ium ions, we demonstrate that the latter moves primarily by a structural diffusion
mechanism involving refreshing of the solvation shell during hopping. Further,
for the majority of the lithium ions, the solvation shell is shown to be comprised
of co-coordinated Type2 anions, and that the number of polycations and the
unique polymer chains involved in such coordination decreases with increasing
salt concentration. Such changes are shown to weaken the solvation shell around
the lithium, thereby facilitating faster ion motion. Together, our results suggest
that systems in which the anion which exhibits a stronger coordination to the
polycation in comparison to that of the lithium can facilitate higher transference

numbers without a concomitant reduction in the mechanical strength.
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electrolyte leakage, dendrite formation, low thermal sta-
bility, poor mechanical properties and toxicity."* As a
family member of SPEs, polymeric ionic liquids (polyIL)
that use traditional ionic liquid ions as their repeating
units have been shown to possess low glass transition
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temperature (T,) with high charge densities.>”® However,
as a result of tethering the counterion to the polymer
backbone, polyILs exhibit lower ionic conductivities even
relative to other salt-doped SPEs.*"2° Hence, a number
of efforts have been exploring strategies such as block
copolymer polylLs,* ' plasticizing polylLs using
ILs,**?* salt doping polyILs*"**** etc. as means to
enhance the conductivity of polyIL based systems.

In a series of studies, we have used atomistic simula-
tions to examine the mechanisms underlying ionic conduc-
tivity in a variety of polyIL based systems.*>**™* In this
context, our most recent study considered the ion mobilities
and transport mechanisms in salt-doped polyILs.* Earlier
work on salt-doped neutral SPEs such as polyethylene oxide
had demonstrated that the ion motion in salt-doped systems
is accomplished by the polymer segmental motion-assisted
hopping between active sites on the polymer electrolytes.” >
Consequently, ion mobilities in such systems were
coupled with the polymer segmental dynamics, or equiv-
alently, the glass transition temperature of the system. In
contrast to such findings for neutral SPE systems, our
simulation work on lithium salt-doped poly(1-butyl-
3-methyl-imidazolium bistrflimide), a polycationic IL,
showed that lithium ion mobilities exhibited stronger
dependence on polymer segmental dynamics in compari-
son to the anion mobilities.® Such simulation results
qualitatively mirrored the experimental observations* on
the influence of lithium salt concentration c;; (the ratio of
number of lithium ions to the number of polycations mole
ratio) on mobile ion mobilities. Our results were rational-
ized by demonstrating that: (i) The transport pathways of
anions intrinsic to pure polylLs becomes interrupted by the
salt induced polycation-anion-lithium co-coordinations.
Further, the mobilities of the intrinsic anions and the co-
coordinated anions compensate each other, resulting in a
“decoupled” dependence of anion dynamics on polymer
segmental dynamics; (ii) The lithium ions were found to be
indirectly coordinated to a number of polymer chains
through the polycation-anion-lithium co-coordination, and
thus, lithium ion mobilities exhibit a more “coupled”
dependence on polymer segmental dynamics.

While the above study pertained to the regime of low
salt concentrations (cz; < 0.4), interesting experimental
observations have also been reported at higher salt con-
centrations in such systems. Specifically, Wang et al.
reported that the lithium mobilities become greater than
the anion mobilities for cz; >1.0.*' Other related experi-
ments have shown that the glass transition temperatures
of the salt-doped polyILs increases at low salt concentra-
tions and then plateaus at large c;;.>* Together, such
observations are especially of interest, since they indicate
that at higher salt concentrations, the transference num-
bers (i.e., the current carried by lithium relative to the

total carried by lithium and anion) may increase without
a concomitant decrease in the mechanical strength aris-
ing from the T, reduction.

Motivated by the above experimental observations,
in this study, we extended our atomistic molecular dynam-
ics simulations on lithium salt-doped poly(1-butyl-
3-methyl-imidazolium bistrflimide) to probe the mobilities
and mechanisms of ion transport in the higher lithium salt
concentration ranges (from cz; = 0.6-1.8). Our results indi-
cate that the polymer chain segmental dynamics plateaues
at the high c;; range due to a saturation of the co-
coordination of polycations. While anion mobilities exhibit
physics similar to that noted at low salt concentrations,
the lithium ion mobilities become decoupled from the
polymer chain segmental dynamics at higher salt concen-
trations due to a reduction in the number of ions coordi-
nated with the polymer backbone. Together, our results
help explain the mechanisms underlying the experimental
observations for larger salt concentrations.

The rest of this paper is organized as follows: in the com-
putational methods section we describe the setup of lithium
salt-doped polylIL at high c; range, and the details of the dif-
ferent simulation quantification measures. In the results and
discussions section we discuss the results of mobile ion diffu-
sion coefficients, influence of c;; on the polymer segmental
dynamics, anion transport mechanisms and the lithium
transport mechanisms. We conclude with a brief summary
of our findings and conclusions in the conclusions section.

2 | COMPUTATIONAL METHODS

2.1 | Simulation details

In the present study, we used atomistic molecular dynamics
simulations to investigate the structural and dynamical prop-
erties of poly(1-butyl-3-methyl-imidazolium bistriflimide)
with added lithium salt. The setup of the simulated systems
are listed in Table 1. Through the range of c;s, the number
of polymer chains was fixed to 20, and the length of a single
polymer chain was maintained at 15 monomer units.*

TABLE 1
concentrations c;. The length of a single polymeric ionic liquid

Simulation details for different lithium ion

chain is fixed at 15

Species polyBmIm TFSI Lithium
¢ =0.6 20 480 180
¢ =09 20 570 270
ci=1.2 20 660 360
ci=15 20 750 450
c; =18 20 840 540
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The initial conformation of the single polymer chain was
generated by using a multiscale simulation procedure.”” In
this procedure, a coarse-grained model of the polymer
chain was equilibrated, and then the atomistic details of
each coarse-grained bead were introduced through a
reverse mapping approach based on the adaptive resolu-
tion scheme method.’*®° A more detailed description of
the multiscale simulation strategy could be found in our
recent studies.*®®!

The MD simulations were performed in Gromacs ver
2018.4.% The all-atom optimized potential for liquid simula-
tions (OPLS-AA) was chosen for modeling the bond, angle,
dihedral, improper torsions, and nonbonded interactions, as
described in the following potential energy function:

U(V) _ Ubond(r) + Uangle (9) + Udihedral(¢) + Uimproper (V/)
+U™(r)
1)

In Equation 1, the first two terms were modeled using
the harmonic function form, the dihedral potential
adopted the Ryckaert-Bellemans function form, the
improper torsion employed the periodical function form
and the nonbonded interactions could be written as®?

00 =323 (52) - (2) ]+ 42 @

In Equation 2, f; was used to scale 1-4 interactions
particularly by a factor of 0.5, the interactions beyond 1-
4 interactions were not influenced and f; was set to 1.0.
The pairwise Lennard-Jones (LJ) parameters (¢ and o)
were explicitly listed in our recent papers,>**®>° and the
geometric combining rule was used for generating the LJ
parameters for cross-terms. The partial charges of polyIL
(represented by trimer under the consideration of compu-
tational cost) were optimized by B3LYP/6-311 g** the-
ory®*°® using Gaussian 09.°” The restrained electrostatic
potential (RESP) was post-processed through Multiwfn
package.®®®® The resulting partial charges were further
scaled down by a factor of 0.8 for obtaining better agree-
ment of dynamical properties with respect to experi-
ments'47749,70,71

Similar to our recent study,” the equilibrated salt-
doped polyIL systems were constructed by packing
20 polymer chains randomly into the simulation box (ini-
tial box length was 8 nm) with corresponding number of
anions and lithium ions. A multi-step pre-equilibration
inspired by the 21-step decompression method proposed
by Colina and coworkers, was used to decompress the
initial simulation box to the experimental densities.”>”*

A single loop of the multi-step pre-equilibration con-
tained three steps: (i) 0.1 ns NVT simulation at 1000 K,
(ii) 0.1 ns NPT simulation at 600 K and 100 bar, and (iii),
0.1 ns NPT simulation at 600 K and 1 bar. In our study,
such a loop was repeated for eight times. The configura-
tions resulting from final configuration was used for the
production run with NPT ensemble for 110 ns, and the
last 100 ns trajectories were used for analyzing the statis-
tical and dynamical properties.

The leap-frog algorithm was used as an integrator
with the integration time-step 6t = 1 fs. The cut-off for
12-6 Lennard-Jones potential was set to 1.3 nm, and
the long-range electrostatic interactions were calcu-
lated with the particle mesh method.”* The V-rescale
thermostat’”> was used for temperature coupling at
600 K and Parrinello-Rahman barostat’® was used for
pressure control at 1 bar, with the corresponding cou-
pling parameters zr = 1.0 ps and zp = 1.0 ps. Ten sam-
ples with completely different initial configurations
were used for averaging the presented statistical and
dynamical properties.

2.2 | Ion coordination characteristics

The structural characteristics of polyIL systems were
quantified by calculating the ion pair radial distribution
function using

& =N, <Z Z :erzr > ®)

where N; and N; are the number of atoms of ion species
i and j. V is the time averaged volume of simulation box,
and ¢ is the Dirac delta function. For the polycation
BmIm™, we chose the nitrogen atom that was connected
to the butyl group to represent the reference, and for the
anion TFSI, we also used the nitrogen atom as the refer-
ence. Further, many of the statistical properties presented
in later sections, such as the anion-polycation coordina-
tion and lithium-anion coordination, were calculated
based on the cutoff of different ion pairs. The cutoff was
determined by the position r where g(r) = 1.0 after the
first peak.

2.3 | Transport properties

To quantify the transport properties, we used the mean
square displacements (MSDs) to derive the diffusion coef-
ficients of the mobile TFSI anion and the lithium cation
species. For the anion TFSI, instead of using the center of
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mass of the entire molecule, we used the nitrogen atom
to represent the reference for calculating the MSD. The
diffusion coefficient D was calculated by using the Ein-
stein relation

D= Tim —((r(t) - r(0))*) (4)

t——+o0 6f

where r is the position vector of the corresponding atom
of mobile ion species.

Another important transport property is the “ideal”
transference number, which can be deduced based on the
diffusivity:

ng;Dr;

()

Iri=
nz;Dr; + nrrsiD1rst

In Equation 5, n; denotes the number of ions of the
type “i” (i = Li, TFSI). The contribution arising from the
mobility of polycations was ignored, since we have dem-
onstrated in our recent study that the diffusion coefficient
of polycation was about two orders of magnitudes smaller
in comparison to that of anion.*

24 | Polymer segmental dynamics

The segmental dynamics of the polyIL was probed
through the auto-correlation function (ACF) of the dihe-
dral angle of the polymer backbone. Since the backbone
of poly(1-butyl-3-methyl-imidazolium bistriflimide) was
polymerized from the polyethylene, so the entire back-
bone only has carbon atoms. Thus, the ACF of dihedral
angle C—C—C—C was calculated as
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(cos®(t)cos®(0)) — (cos®(0))*

(cos®(0)cos®(0)) — (cos®(0))?

Coo(t) = (6)

where @(¢) is the dihedral angle at time ¢ and ®(0) is the
dihedral angle at the reference time. We fit Coq () to a
stretched exponential of the form,

Con(t)=exp(~(3)) )

and calculated the relaxation timescale 7o of the seg-
mental dynamics by the following equation

ot (1:1) .

where I' denotes the Gamma function.

3 | RESULTS AND DISCUSSIONS

3.1 | Ion diffusion coefficients

We first discuss the results for the diffusion coefficient of
different ion species. In Figure 1A, we display the results
for the mobile ion species TFSI and lithium. In accord
with the results presented in our recent study,SO the diffu-
sivity of all mobile ion species increase with increasing
lithium salt concentration cz; in the range from 0.0 to 0.4.
Further, the anion diffusivities are observed to be much
less sensitive to c¢;; in comparison to those of lithium
ions. For salt concentrations c¢;; > 0.4, the anion mobil-
ities are however observed to approach a plateau. In

(B) 5 1e-1
z".—‘—_
4 -
o
3 "./
— .”
ey e
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0 T T T T
0.0 05 1.0 15
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(A) Diffusion coefficients of anions and lithium as a function of lithium concentration c;;. The dotted lines are a guide to the

eye. The higher concentrations are shown through grey dotted lines and the lower salt concentrations are shown by red dotted lines (The
raw MSDs and their fittings are shown in SI section S1); (B) The ideal transference number #;;
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contrast, the lithium mobilities are seen to increase with
increasing cy;, with however the mobilities becoming less
sensitive to salt concentration. As a consequence of the
different behaviors of the ion mobilities, the ‘“ideal”
transference number f;; (cf. Equation 5) increases with
increasing cy;, as shown in Figure 1B.

We note that the above results qualitatively accord
with the trends reported in earlier experimental results.*!
Explicitly, in the experiments, the diffusivity of lithium
was observed to be less than that of anion in the low c;;
range, but became larger than that of anion in the high
cr; range. Furthermore, the anion mobilities were also
observed to be less sensitive to c;; in comparison with
those of lithium ions. At even higher c;; range, the diffu-
sivity of both anion and lithium were found to decrease
with increasing salt concentrations—a regime not cap-
tured within the c;; probed in our study.*>*!

In the experimental studies, the initial increases in
ion mobilities at low salt concentrations were attributed
to the decreased glass transition temperature T, of the
matrix. In our earlier computational study, we observed
that such effects manifested in the polymer chain back-
bone dihedral relaxation timescale 7¢q¢. Such changes in
the polymer dynamics were rationalized by the reduction
in the polycation-anion-lithium co-coordinations**°
occurring with increasing salt concentration.

In order to probe the physics accompanying higher
salt concentrations, the polymer chain backbone dihedral
relaxation timescale 7qq Was calculated and the results
are shown in Figure 2. It can be seen that the inverse 7¢q
increases at the low cr; range, but seems to plateau
beyond c;; = 0.4. We note that such results also qualita-
tively agrees with the experimental results of T, reported
for higher salt concentrations.*!

Along the lines of our previous study,’® we exam-
ined the correlation between the ion diffusivities and
polymer segmental relaxation times. In Figure 3, we

-3

10
® (
< ] o L P o --—-" e,
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4 /
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'1075 T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18
Ci
FIGURE 2 Dependence of inverse polymer chain backbone

relaxation timescale 754, on the lithium concentration cy;

display the anion and lithium diffusion coefficients as
a function of zg). It can be seen that the anion mobilities
exhibits an identical dependence on the polymer segmen-
tal dynamics at higher salt concentrations as was noted
for the low salt concentrations. In contrast, the lithium
diffusion coefficients at higher salt concentrations seems
to exhibit no correlation to the polymer chain segmental
dynamics.

Together, the above results serve as the focal point of
the issues we seek to address in the remain portion of this
article. Explicitly, in the following section polymer segmental
dynamics, we probe the origins of the modified dependence
of polymer segmental dynamics on c;; at higher salt concen-
trations. In section anion transport mechanisms, we present
results probing the mechanisms of anion motion and estab-
lish the reasons underlying the plateauing seen in the
mobilities at higher salt concentrations. In section lithium
transport mechanisms, we present results probing the mech-
anisms of lithium-ion motion and the resulting impact on
the correlation between lithium mobilities and polymer seg-
mental dynamics.

3.2 | Polymer segmental dynamics

In our recent study at low c;;, we demonstrated that with
the addition of salt, the intrinsic polycation-anion-
polycation coordinations are replaced by polycation-
anion-lithium-anion-polycation co-coordinations.”® In
Figure 4 we show an illustration of such direct poly-
cation coordination and the lithium mediated co-coordi-
nation. Therein, the original anion is seen to be
coordinated with four polycations from two distinct
polymer chains. However, after adding lithium salt, the
polymer chains are indirectly linked through the co-
coordinated anions.*’ We argued that the replacement

10
A Anion @® Lithium
—
| ]
0 6X1077' . .
o~ .
g i 3.
> =
Eax10 41 e O
= o
o e
=
5 8x10°1 [eXR )
2x10"" = — L T o
2x10 3x10° 4x10 6x10 107 2x10
-1
Too
FIGURE 3 Dependence of mobile ion diffusion coefficient on

754 the data points at low c;; range (hollow markers) were
reported in our recent study.*
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Ilustration of: (A) Normally coordinated anion (Typel) that only associates with polycation; (B) Co-coordinated anion

(Type2) that associates with both polycation and lithium; and (C) anions (Type3) that are only associated with lithium
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FIGURE 5 Radial distribution functions for TFSI (anion) and BmIm™" (cation), TFSI and lithium, and BmIm™ and lithium

of such direct polycation coordinations by the weaker
lithium mediated co-coordination constituted the origin
of the faster polymer dynamics.

To probe the influence of salt content on the ion pair
interactions, the radial distribution function g(r) for dif-
ferent ion pairs were calculated and the results are dis-
played in Figure 5. It can be seen that for all three ion
pairs (TFSI (anion) and BmIm™ (cation), TFSI and lith-
ium, and BmIm™" and lithium), increasing salt content
leads to a decrease of the intensity of g(r), indicating a
reduction of the ion pair interactions. In comparing the
three interactions, the intensity of g(r) between anion
and lithium is seen to be much higher than that of
between anion and polycation, which suggests the prefer-
ence for the anions to associate with the added lithium,
thereby disrupting the existing polycation-anion-polycation
coordination “bridges.”

Next, we categorized the polycations themselves into
two groups: (i) CT1: Polycations involved in coordination

of the form polycation-anion-polycation; and (ii) CT2:
Polycations that are involved in the co-coordination form
of polycation-anion-lithium. In Figure 6 we show the
results for the polycation coordination statistics as a func-
tion of salt concentration. We can see that at the low ¢;;
range (<0.6), the fraction of CT1 polycations decreases
monotonically and the fraction of CT2 polycations
increases monotonically. However, at high c;; range,
more that 90% of the polycations are seen to participate
in co-coordination with lithium, and that there is no fur-
ther change in the coordination behavior of cations. This
behavior can be understood by noting that there are a
fixed number of polycations in the system, which pre-
vents further increase in the co-coordination with the
added lithium.

The results of Figure 6 can be used to rationalize the
dependence of polymer segmental dynamics on the salt
concentration. More explicitly, the acceleration of poly-
mer dynamics seen at low salt concentrations arises from
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FIGURE 6 Fraction of different polycation coordination types, FIGURE 7 Fraction of different TFSI coordination types

CT1 indicates polycations that are only associated with the anions
and CT2 represents polycations that are indirectly associated with
lithium through the Type2 anion

the decrease in CT1 (the intrinsic polycation-anion-
polycation coordination) and the accompanying increase
in the co-coordinated CT2 cations. However, the satura-
tion of CT1 and CT2 seen at higher salt concentrations
leads to a plateauing of the effect of co-coordinations and
its impact on polymer segmental dynamics.

3.3 | Anion transport mechanisms

In our previous study at low salt concentrations,”® we
rationalized the results for anion mobilities by consider-
ing the dynamical characteristics individually of the
anions involved in CT1 and CT2 coordinations. Such
anions were termed respectively as Typel and Type2
anions. The Typel ions were seen to retain the structural
characteristics exhibited by anions in pure polyILs
(i.e., in the absence of salt),** and were coordinated with
four cations from two different polymer chains. In con-
trast, Type2 anions exhibited modified coordination char-
acteristics involving one polymer chain and fewer
cations. More importantly, the Typel anions maintained
their identity during their motion—that is, a Typel anion
was most likely to transform to a Typel anion during a
hop and maintain its coordination characteristics. How-
ever, in the presence of Li salt, such pathways were hin-
dered due to the existence of Type2 anions exhibiting
distinct coordination characteristics. Hence, the dynam-
ics of the Typel anions became slower with increased salt
concentrations. In contrast, since the Type2 ions requires
only one polymer chain for its coordination and hopping,
their pathways were much less impacted by the presence
of Typel ions. Further, since such anions were coupled to
a single polymer chain, their dynamics was faster than

Typel anions. Together, the overall mobility of the
anions was rationalized as a “compensation” effect
between the slower dynamics of Typel ions and the faster
dynamics (and increasing populations) of Type2 ions.

To understand the anion transport mechanisms
underlying the results of Figure 1 for higher salt concen-
trations, anion coordination in salt-doped polyIL systems
were categorized into three groups®®: (1) Typel anions
that are associated only with polycations; (2) Type2
anions that are associated with both polycation and lith-
ium through the co-coordination (polycation-anion-
lithium); and (3) Type3 anions that are only associated
with lithium.

The fractions of the three types of coordinated anions
are shown in Figure 7. It can be seen that the fraction of
Typel anion decreases with increasing cp;, confirming
the reduction in the intrinsic polycation-anion-polycation
“bridges.” The fraction of Type2 (co-coordinated) anion is
seen to increase for low c;; range and decreases at higher
salt concentrations. The latter behavior can be rational-
ized by the fixed number of polycations in the system
which prevents a monotonic increase in the co-
coordination (akin to the saturation effect seen in the
polycations CT2). The fraction of Type3 anion is seen to
increase monotonically with salt concentration. We recall
the fractions of the three types of coordinated anions in
our recent study™ that at low c;; the contribution of frac-
tion of Type3 anion was negligible. In contrast, at high
cr; range, we observe that the fraction of Type3 anions
are significant and even higher than that of Typel anions
after ¢;; > 0.9.

We further characterized the coordinations of the
anions with the polycation by using the anion pair proba-
bility distribution, P(n), that a given anion is associated
n polycations (Figure 8). It is observed that P(n) exhibits
comparable peaks at n = 3 and n = 2 when ¢;; = 0.6, and
the peak moves towards to smaller n with increasing cz;.
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FIGURE 8

At the same time, the probability P(n) for n = 0, where
the given anion doesn't associate with any polycations
increases with salt concentration, which is in consistent
with the trend of the fraction of Type3 anions in
Figure 7.

We decompose the overall anion pair probability dis-
tribution (Figure 8A) into the P(n)s for subgroups Typel
and Type2 anions respectively in Figure 8B, C. It can be
seen in Figure 8B that the lithium salt concentration cy;
doesn't influence the coordination characteristics P(n) of
Typel anions. In contrast, as shown in Figure 8C, for
Type 2 anions, the probability distribution P(n) displays
peaksatn =1and n = 2.

Next, in Figure 8D-F we turn to the influence of lith-
ium salt content on the probability distribution that a
given anion is associated with N distinct polymer chains,
P(N). At low c;; range,”® our earlier study showed that
P(N) displays a peak at N = 2, corresponding to an associ-
ation with two polymer chains. In contrast, at higher salt
concentrations probed in this study, the overall P(N) is
seen to display a sharp peak at N = 1 and accompanies
an increased probability at N = 0.

Probability that a given TFSI is associated with n polycations: (A) The overall anions; (B) Typel anions; and (C) Type2
anions. Probability that a given TFSI is associated with N polymer chains: (D) The overall anions; (E) Typel anions; and (F) Type2 anions

The decomposition of P(N) into subgroups for Typel
and Type2 anions are shown in Figure 8E,F. Explicitly, the
P(N) of Typel anions shows comparable peaks at N = 2
and N = 1 when ¢;; = 0.6, and the peak moves towards
N = 1 with increasing c;;. In contrast, the P(N) of Type2
anions displays a extremely sharp peak at N = 1, and the
probability is above 0.7 for all investigated cys.

Next, we present the results of lithium coordination
characteristics of Type2 and Type3 anions in Figure 9.
We can see from Figure 9 that the lithium coordination
increases with increasing cy; for both Type2 and Type3
anions, suggesting the formation of larger anion-
counterion complexes at higher salt concentrations.

Finally, in Figure 10 we present a frame analysis of
the hopping motion and the probabilities of interconver-
sion (if any) between the different types of anions during
such a motion (the hopping motion is defined by check-
ing the identity of a given anion between ¢, and f, + At.
For example, a given anion at f, is Typel, after At
(At = 1 ps), if the given anion still maintains its original
identity, then it is still counted as Typel; if its identity
changes to Type2, then it is counted as Switch Typel—
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FIGURE 9 The coordination number (CN) at the first solvation shell for (A) Type2 and (B) Type3 anions as a function of lithium salt
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FIGURE 10 Probability of hopping events for (A) Typel anions, (B) Type2 anions and (C) Type3 anions. The solid (open) symbols

pertain to the probability that a given anion retains (changes) its identity after hopping

Type2; if its identity changes to Type3, then it is counted
as Switch Typel—Type3, a more detailed description of
the methodology can be found in our recent study.”).
Despite the fact that the coordination characteristics of
Typel anions are modified relative to pure polyIL, we see
from Figure 10A that a majority of Typel anions still main-
tain their identity after the occurrence of a hopping event
occurs. However, with increasing cy;, there is an increase in
the probability of Typel anions switching to Type2 anions.
As shown in Figure 10B, the Type2 anions are also seen to
have a high probability to retain their identities after hop-
ping events, although such probability decreases slightly as
a function of c;;. Different from Typel and Type2 anions, it
is seen from Figure 10C that the Type3 anions initially
exhibit a greater propensity to switch to Type2 anions. At
higher salt concentrations, we observe that the motion of
Type3 anions becomes more towards retaining their

identity. Surprisingly, the occurrence rate for Typel anions
switching to Type3 anions (and vice versa) is negligible
(almost zero), indicating an intermediate step is necessary
for converting the identity from Typel anions to Type3
anions (or from Type3 to Typel anions).

The above results shed light on some of the factors
influencing the transport of Typel anions. It was
observed (Figure 7) that at higher salt concentrations,
Type2 and Type3 anions become the dominant modes of
coordination. As a result of the distinct coordination
characteristics of Type2 and Type3 anions, Typel anions
exhibit coordination different from those in pure polyIL,
and are mostly coordinated with a single polymer chain.
Such modified coordination is expected to impact the
transport pathways of Typel anions (which involve intra-
molecular hopping along two polymer chains while coor-
dinated with four polycations®>**~*®®"), Consistent with
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such an expectation, at higher cy;, there was an increase
in the probabilities of hopping events leading to a switch
of Typel to Type2 anions. Together, we expect that due
to these factors, the mobilities of the Type 1 anions to
become reduced with increasing salt concentration.

With regard to Type2 and Type3 anions, the mobil-
ities of such ions are expected to be inherently faster than
that of Typel anions since they are coordinated with only
one polymer backbone (as deduced from the P(N)) and
hence can move faster than Typel anions. However, in
Figure 9, we observed an increased anion-lithium coordi-
nation at higher salt concentrations. In the context of
mixtures of salt and pure ionic liquids,””"”® such increased
anion-lithium clustering has been shown to lead to a
reduction in the mobility of the anions. Hence, we may
expect a similar phenomena to manifest in our system
and lead to a slowing of the Type2 and Type3 anions with
increasing salt concentration.

In Figure 11, we present short time MSDs for Typel,
Type2 and Type3 anions to validate the hypotheses
advanced above. In Figure 11A, it can be seen that the
mobilities of Typel anions are indeed slower than those

for pure polylLs. Moreover, with increasing salt
(A)1OO
—— ¢,;=0.6 Type1
go{ — ¢,=0.9
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FIGURE 11

results for ¢;; = 0.0 is displayed as a benchmark

concentrations, it can be observed that there is a further
reduction in the mobilities of Typel anions. With respect
to Type2 and Type3 anions, it can be seen that the inher-
ent mobilities are higher than that of Typel anions (and
those in pure polyIL). However, with increasing salt con-
centrations, it can be seen that there is a reduction in
their mobilities arising from the increased coordination
with the lithium ions.

The compensation of the mobilities of the three types
of anions (weighted by their respective fractions) is shown
in Figure 11D. Due to the hierarchy of the mobilities of
the different types of anions, their fractions, and the
dependence on the salt concentration, we observe that the
net mobility of the anions are almost independent of the
salt concentration. Together, such results rationalize the
results for the anion mobilities observed in Figure 1.

3.4 | Lithium transport mechanisms

In our recent study for low salt concentrations,® we
showed that the majority of the lithium ions are associ-
ated with the co-coordinated anions (Type 2). Moreover,

(B) 100
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The short time mean square displacements for: (A) Typel anions; (B) Type2 anions; (C) Type 3 anions; (D) All anions. The
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such lithium ions were shown to be involved in a big
cluster of coordination surrounded by about six poly-
cations and five to ten polymer chains. Such observations
were used to rationalize the coupling lithium mobilities
to the polymer chain segmental dynamics. For the higher
salt concentrations examined in this study, we observed
in Figure 1 that the lithium diffusivities increases with c;;
despite an almost constant polymer dynamics. In this sec-
tion, we present results examining the origins underlying
such trends considered within the context of the mecha-
nisms of lithium ion motion.

First, we consider the mechanism of lithium ion trans-
port in salt-doped polyIL systems. In general, lithium ion
motion in such systems have been suggested to be of two
broad kinds, namely the vehicular motion where the given
lithium moves with its first coordination shell, and the
structural diffusion where the anion identities that are sur-
rounding the given lithium ion are refreshed after the hop-
ping. In our recent study, we used a method of analysis
which relied on monitoring ion association/dissociation
hopping events between neighboring frames.®' Based on
such analysis we concluded that (at low salt concentra-
tions), lithium ions primarily move by the vehicular mech-
anism involving the first coordination shell of anions. In
the SI Section S2, we show the results for lithium hopping
events based on neighboring frame analysis at higher con-
centration regimes, which again indicates a vehicular
motion dominated transport mechanism.

However, analysis based on neighboring frames suf-
fers from the drawback that association/dissociation
events that go back and forth (rattling) are counted as
unique hopping events, and can lead to erroneous con-
clusions.” As a means to overcome such issues, in this
work we adopted a different procedure based on the sta-
tus of the lithium solvation shell and its persistence dur-
ing the motion of the lithium ions. Towards such an
objective, we use the continuous lithium solvation shell
autocorrelation function, S(¢), to characterize the average
lifetime of the solvation shell:

S(t) = (h(to) - H(to +1)) 9)

where h(ty) equals one indicating initial association status

of an existing lithium solvation shell, and H(¢) is given as:

1, (h(t)=1)V(te <t <ty+t

H(t/): ( () . ) (0 0 ) (10)
0, otherwise

such that H(t) equals one only if the initial association
status of the lithium solvation shell keeps the same con-
tinuously between time f, and ¢ and zero otherwise. To
quantify the persistence of the lithium solvation shell,

the autocorrelation function S(t) was fitted to a stretched
exponential form:

S(t) = exp (-(;)ﬁ) (11)

and the characteristic timescales were evaluated as:

1
TSolvation =01 1 "l‘ﬁ (12)

The fitted zg,pasion 1S displayed in Figure 12A, where
it can be observed that the average lifetime of lithium sol-
vation shell decreases with increasing c;, indicating that
the lithium solvation shell becomes more and more
unstable with increasing salt concentration. Such results
hint that that vehicular motion is not the likely mecha-
nism of ion transport in such systems (the lithium solva-
tion shell autocorrelation function S(f) is shown in SI
Section S3), and that the contribution of structural diffu-
sion may increase with increasing cy;.

To further quantify the contributions of vehicular
motion and structural diffusion to the overall lithium
transport events, we calculated the probability distribu-
tion of lithium travel length before the solvation shell is
renewed. It can be seen from Figure 12B that the proba-
bility distributions of lithium travel length are quite
similar throughout the c;; we investigated, with a peak
around 1.2 A. A slight increase in peak intensity with c;;
can be observed. The latter is consistent with the results
of Tgomarion due to the shorter distance the lithium could
travel with decreasing lifetime of solvation shell. More
directly, we show the average travel length in
Figure 12C, where one can see a decreasing trend as the
cr; increases.

At a practical level, the size of the counterion on the
solvation shell (2 times the radius of gyration R,) is used
as the probe to distinguish whether the transport event of
the given ion belongs to the vehicular motion or struc-
tural diffusion. In the present study, the radius of gyra-
tion R, of anion TFSI is measured as 2.5 A at 600 K
(it has been reported in the literature that the size of
anion TFSI is about 2.6 A at 400 K*°). If the travel length
of a given lithium is larger than the size of counterion
before the solvation shell is refreshed, this lithium can be
counted as undergoing a vehicular motion event, other-
wise, the lithium will be counted as undergoing a struc-
tural diffusion event. From the results displayed in
Figure 12B, we observe that the probability distribution
of lithium travel length is approximately zero when the
travel length is close to 5.0 A, indicating almost none of
the lithium travels a distance of the anion size before the
solvation shell dies.
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of lithium travel length before its first solvation shell died; and (C) The average travel length of lithium before the first solvation shell died

Together, the above analysis based on the lifetime of
lithium solvation shell demonstrates that the lifetime of
the lithium solvation shell is too short to facilitate a
vehicular motion of the lithium ions in our system.
Instead, the lithium ions primarily moves by a structural
diffusion mechanism in which there is a renewal of the
solvation shell facilitated by the hopping of the lithium
ions. With such a background, below we analyze the
coordination characteristics of the lithium ions to under-
stand the origins of the mobility increases with increasing
salt concentrations seen in Figure 1.

Similar to the classification of polycation and anion
types, the lithium ions were also categorized into differ-
ent subgroups characterizing their coordinations respec-
tively with Type2 anions and Type3 anions. Lithium ions
which are co-coordinated with Type2 anions and poly-
cations are denoted as LT1, and the lithium ions which
are only associated with Type3 anions are denoted as
LT2. As seen in the results displayed in Figure 13, the
fraction of lithium ions (LT1) associated with Type2
anions decreases with increasing cy;. Correspondingly,
the fraction of lithium ions associated with the Type3
anions (LT2) are seen to increase monotonically.

However, more importantly, in the concentration range
probed in the present study, we observe almost 85% of
the lithium ions are still co-coordinated (i.e., of the type
LT1), suggesting that a closer consideration of the
dynamics of such ions may serve to explain the results
observed in the lithium ion mobilities.

In Figure 14A we display the probability distribution
P"“(n) that a given lithium ion of LT1 kind is associated
with n polycations through co-coordination (polycation-
anion-lithium). With increasing salt concentration, the
peak in P““(n) is seen to move from n = 5 to n = 2, dem-
onstrating a reduction in the number of polymers coordi-
nated with the lithium ion. The reduction of constraints
on the lithium ions can be further confirmed by the prob-
ability distribution P*(N), which quantifies the probabil-
ity that a given lithium ion is indirectly associated with
N distinct polymer chains, as shown in Figure 14B. We
can see that with increasing salt concentrations, the peak
shifts from N = 5 to N = 2, suggesting a decrease in the
size of the co-coordination cluster involving lithium and
the polycations.

To summarize, the results presented in Figures 12 and
13 demonstrate that: (a) The lithium ions move primarily
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=== __ _ by a structural diffusion involving a refreshing of the solva-

Th-———y tion shell; (b) For the majority of the lithium ions, the solva-

0.8 tion shell is comprised of co-coordination Type2 anions;

(c) The number of polycations and the unique polymer

o %61 chains involved in such coordination decreases with

§ =h= LT1 =0 LT2 increasing salt concentration. Based on such observations,

0.4 we can hypothesize that the constraints (i.e., the solvation

shell which needs to be refreshed) becomes weaker with

0.2+ increasing salt concentration, facilitating the faster lithium
___._____.___—-0‘ ion motion.

0.0 -'9' ————== : : , While a partial confirmation of the above hypothesis

03 (1:2 18 8 was seen in the lifetime of the solvation shell (we note

. that the solvation shell considered for the results in

FIGURE 13 Fraction of different lithium coordination types, Figure 12 included both LT1 and LT2 ions), in order to

LT1, lithium ions that are co-coordinated with Type2 anions and
polycations, and LT2, lithium ions that are only associated with

Type3 anions
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14

prove more conclusively that the LT1 lithium ions are
indeed less constrained, the short time MSDs for LT1 and
LT2 lithium ions are shown in Figure 15. It is observed that
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(A) Probability P*“(n) that a give Li is associated with n polycations through the Li-anion-polycation co-coordination; and
(b) probability P**(n) that a give Li is associated with N polymer chains. (the probability P“*(n) that a give Li is associated with n anions and
the corresponding coordination number (CN) are shown in SI Section S4)
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The short time mean square displacements for: (A) Lithium type LT1; (B) Lithium type LT2. The dotted lines are the
overall short time mean square displacements (MSDs) and displayed as a benchmark
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the mobilities of both types of lithium ions increase with
increasing cy;. When considered in conjunction with the
fraction of LT1 lithium ions constituting the majority of the
lithium ions, the results of short time MSDs demonstrate
that the reduced constraints on the lithium ions facilitate
the faster lithium ion mobilities seen in Figure 1A.

4 | CONCLUSIONS

In this work, we used atomistic simulations to study the
mechanisms of ion transport in salt-doped polymeric ionic
liquid systems at higher salt concentrations. Consistent with
related experimental observations, our simulations indi-
cated that at higher salt concentrations, the anion mobilities
become lower than that of the lithium cations. Further, the
anion mobilities became relatively insensitive to that the
salt concentration while the mobilities of lithium increased
with increasing salt concentration.

We rationalized the result for the anion mobilities by
considering the fractions of anions which are exclusively
coordinated with the polycations (Typel), co-coordinated
with cations and lithium (Type2) and exclusively with
lithium (Type3). By considering the coordination charac-
teristics of the different types of anions and their hopping
motions, we demonstrated that the net anion mobilities
results from a compensation effect of the hierarchy and
the salt concentration dependence of the different anions.

With respect to the lithium ions, we demonstrated
that the lithium ions move primarily by a structural diffu-
sion involving a refreshing of the solvation shell. Further,
for the majority of the lithium ions, the solvation shell
was comprised of co-coordination Type2 anions, and that
the number of polycations and the unique polymer
chains involved in such coordination decreases with
increasing salt concentration. Such changes were shown
to weaken the solvation shell around the lithium, thereby
facilitating faster ion motion.

A key objective of SPEs is to be able to achieve high
transference numbers without a concomitant reduction
in the mechanical strength. Our results suggest that a
possible means to achieve this in salt-doped polyILs is to
use anions which exhibit a stronger coordination to the
polycation in comparison to that of the lithium. Through
such means, the strength of the solvation shell around
lithium is expected to be weakened, facilitating faster
lithium ion motion. In contrast, the anion coordination
with the polycation is expected to be enhanced, resulting
in slower anion motion. Further, since the lithium co-
coordination tendencies are expected to be weakened,
the segmental dynamics (and the mechanical strength) is
expected to be less influenced by the added salt.
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