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ABSTRACT
We used equilibrium and non-equilibrium atomistic simulations to probe the influence of anion chemistry on the true conductivity, dynam-
ical correlations, and ion transport mechanisms in polymeric ionic liquids. An inverse correlation was found between anion self-diffusivities,
ionic mobilities, and the anion size for spherical anions. While some larger asymmetric anions had higher diffusivities than smaller spherical
anions, their diffusivities and mobilities did not exhibit a direct correlation to the anion volumes. The conductivity and anion dynamical cor-
relations also followed the same trends as displayed by the diffusivity and mobility of anions. All the systems we examined displayed positively
correlated motion among anions, suggesting a contribution that enhances the conductivity beyond the ideal Nernst–Einstein value. Analysis
of ion transport mechanisms demonstrated very similar hopping characteristics among the spherical anions despite differences in their sizes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159298

I. INTRODUCTION

Polymeric ionic liquids (PolyIL), which are macromolecules
with one component of ionic liquids (IL) as repeat units (while
the other ionic component remains as mobile counterions), have
attracted increasing interest as electrolytes for energy storage
materials.1–5 PolyILs inherit the unique physicochemical proper-
ties of the corresponding IL, such as chemical stability and non-
flammability,6,7 while furnishing the ability to tune properties such
as mechanical strength and conductivity.8,9

In the context ofmonomeric ILs, a number of experimental10–12

and computational/theoretical13–16 studies have probed the influ-
ence of chemical characteristics (size, symmetry, etc.) of the anion
and cations on the dynamical properties of ILs. For instance, the dif-
fusivity of ions was found to decrease with increasing size, reduced
symmetry, and decreasing flexibility.10,11,13,14 By investigating 29 ILs
with different cation and anion structures, Maginn and co-workers
found that the self-diffusivities and Nernst–Einstein conductivities
exhibit a universal linear relationship to the ion pair and ion-cage
lifetimes.17

In contrast to the above situation, the understanding of the
influence of anion/cation chemistry on the transport properties of
polyIL systems is relatively less developed.18,19 In our recent study,
we performed a comparative atomistic molecular dynamics simula-
tion study of cationic polymerized ionic liquids with eight different
mobile counterions, systematically varying the size and shape of
the anions to probe their influence on the coupling of diffusivity
to polymer segmental dynamics.20 We demonstrated that size, or
ionic volume, could not fully rationalize the decoupling between
anion diffusivity and polymer segmental dynamics. However, within
a specified class of anion geometries, smaller ions generally displayed
a higher degree of decoupling. Importantly, such size effects were
observed not to be universal but to be modulated by the extent of
delocalized interactions between the anions and the cations. In a dif-
ferent study, Paddison and co-workers investigated the ion transport
mechanisms in polyILs for different anions.16 They found that the
dynamical heterogeneity in the motion of the ions decreased with
the size of the anions. Further, they also noticed differences in the
number of hopping events as a function of the chemistry of the
anions.
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An important feature characterizing many of the earlier com-
putational studies on polyILs21–24 is the implicit assumption that
the self-diffusivity of the anion is representative of the conductiv-
ity of such materials. Such an expectation is based, in turn, on the
validity of the Nernst–Einstein approximation for conductivity. The
latter assumes that the contributions arising from the correlated
motion of distinct anions (and cations) can be neglected and allows
one to consider only the self-diffusivity of the anions in calculating
conductivities.

Recent studies have, however, suggested that the above assump-
tion may not hold for polyIL systems.25,26 For instance, Wieland
et al. demonstrated the importance of correlated ion motions in
polyILs by reporting that the inverse Haven ratio (the ratio of
true conductivity to the Nernst–Einstein approximation for con-
ductivity) decreases monotonically with an increasing degree of
polymerization (N = 1, 2, and 3).27 Correspondingly, in a recent
atomistic simulation study, we demonstrated that the inverse Haven
ratio increases with increasing degree of polymerization (N) and
then decreases at a larger N.28 For a fixed center of mass reference
frame, we demonstrated that such results arise as a consequence
of the strong cation–cation correlated motions, which exceed (in
magnitude) the self-diffusivity of cations. Similarly, a number of
experimental29,30 or computational31–33 studies in the context of
monomeric ILs have also suggested the importance of such dynam-
ical correlations (both between distinct anions/cations and between
the anions and cations) in influencing the overall conductivity of the
material.

Motivated by the above recent findings, in the present study
we revisited our earlier work on the role of counterion chemistry
to focus on the true conductivity and the dynamical correlations
(the distinct anion–anion contributions) in polyIL systems and their
relationship, if any, to the chemistry and geometry of the counteri-
ons.20 To achieve such an objective, we employ a non-equilibrium
framework in conjunction with atomistic simulations to extract the
true conductivity of polyIL materials.24,28,34 Further, in combina-
tion with equilibrium simulations of the self-diffusivity of anions,
we obtain distinct dynamical correlations between anions. We also
analyze in detail the dynamical characteristics accompanying the
motion of the anions to identify the mechanisms of ion transport.
Using such quantities, we probe the influence of size and chem-
ical features on the conductivity, dynamical correlations, and ion
transport characteristics of such systems.

The rest of this paper is organized as follows: In Sec. II, we
present details of the simulation details for equilibrium and non-
equilibrium simulations and the quantification measures. In Sec. III,
we discuss results for anion related dynamics (Sec. III A), radial
distribution functions (Sec. III B), and ion hopping mechanisms
(Sec. III C). A brief summary is provided in Sec. IV.

II. SIMULATION DETAILS
A. System setup
1. Equilibrium simulation

Atomistic simulations were performed to probe the influence
of anion structure (anion size and symmetry) on the conductivity
and dynamical correlations in polyIL systems. Themodeled polymer
chain consists of fifteen 1-butyl-3-vinyl-imidazolium monomers,

which have been extensively used in our previous studies.20,21,23,35,36

To probe the effects of size and asymmetry of the anions (the detailed
chemical structures are listed in Fig. 1), eight different anions were
chosen: AlCl−4 , BF

−
4 , Br

−, Cl−, PF−6 , PFSI
−, TFSI−, and TFO−. Among

these AlCl−4 , BF
−
4 , Br

−, Cl−, and PF−6 are approximately spherical
in shape, while PFSI−, TFSI−, and TFO− are non-spherical with
delocalized partial charges.

We used the all-atom optimized potential for liquid simu-
lations (OPLS-AA) for describing the bonded and non-bonded
interactions,39 and the force field parameters for the polycation
can be found in our previous work.20 The partial charges for the
polycation were adopted from another work of ours,23 where the
restrained electrostatic potential (RESP) charges are optimized over
two trimers with different configurations. The partial charges for
all investigated anions are adopted from Acevedo and co-workers’
work.40 Our recent work has demonstrated that using a non-
polarizable force field with scaled partial charges reproduces struc-
tural and dynamical properties comparable to those of a polarizable
force field.41 Thus, a scale factor of 0.8 was applied to the charges on
both polycations and anions.

For each of the simulation systems (polycation with counte-
rions), twenty polymer chains (the degree of polymerization is 15)
and 300 anions were inserted into a cubic box 8 nm long. Initially,
these components were packed using Packmol.42 A multistep pre-
equilibration scheme was used to decompress the initial simulation
box to its equilibrium density. Explicitly, each step consisted of three
sub-steps: (i) 0.1 ns high temperature NVT simulation at 1000 K, (ii)
0.1 ns NPT simulation at a desired temperature (600 K) and high
pressure (100 bar), and (iii) 0.1 ns NPT simulation at a desired tem-
perature and pressure (600 K and 1 bar).43 In the present study, such
a loop was repeated eight times.

The pre-equilibrated configuration that was obtained from the
above decompression procedure was used for the production run
with an NPT ensemble for 420 ns, with the last 400 ns of the tra-
jectory used for analyzing the statistical and dynamical properties
discussed below. Five independent samples with completely differ-
ent initial configurations (replicates) were used for averaging the
results. The time step Δt for the molecular dynamics was chosen as
1 fs. The v-rescale thermostat44 and Parrinello–Rahman barostat45
were used for temperature and pressure control the correspond-
ing coupling parameters τT and τP equal 1.0 ps, and the reference
temperature and pressure were set to 600 K and 1 bar, respectively.
The cut-off for the non-bonded interactions was 1.3 nm. The parti-
cle mesh Ewald method (PME)46 was used to calculate electrostatic
interactions.

2. Non-equilibrium simulations
The non-equilibrium simulations were executed with a series of

external electric fields. We assume that all the investigated systems
are isotropic, and hence the external electric field was only applied
to the x-direction. The electric field strengths ranged from 0.02
to 0.1 V/nm, with an increment of 0.02 V/nm. For imidazolium-
based polyIL systems, such a range of electric field strength has been
demonstrated to guarantee a reliable linear response regime.24,28 The
final configuration, after a 420 ns production run from the above
equilibrium simulations, was used as the input configuration for
the non-equilibrium simulation. All the control parameters were the
same as the equilibrium simulations, and a 40 ns production run was
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FIG. 1. Chemical details of the polyIL chain (PBVIM) and eight types of anions. The anionic volumes are obtained from Refs. 37 and 38.

carried out to analyze the ion displacements and extract the ionic
mobility. Both the equilibrium and non-equilibrium simulations
were performed using GROMACS 2020.6.47

B. Quantification measures
1. Radial distribution functions

The structural characteristics of different functional groups
were probed by calculating the radial distribution function g(r)
using Eq. (1),

gi j(r) =
V

4πr2NiN j
⟨

Ni

∑

i

N j

∑

j
δ(r − ri j)⟩, (1)

where N i and N j are the numbers of particle species i and j of
interest. V is the volume of the simulation box, δ denotes the Kro-
necker delta function, and r represents the distance between the
centers of mass of units i and j. Further, the cut-offs for investigating
the anion–polycation association characteristics in different systems
were determined by the position r, where g(r) = 1.0 after the first
peak.

2. The non-Gaussian heterogeneity parameter α2
The non-Gaussian heterogeneity parameter α2 is an effective

indicator of the dynamical heterogeneity in the motions of the units
and the transition from the subdiffusive regime to the diffusive
regime,

α2(t) =
3⟨(r(t) − r(0))4⟩
5⟨(r(t) − r(0))2⟩2

− 1, (2)

where r(0) is the position vector of the given object at reference time,
and r(t) is the position vector of the given object at time t.

3. Self-part of Van Hove function G(r, t)
The self-part of the VanHove functionG(r, t) characterizes the

distribution probability of a given anion traveling a distance of r at
time t, which can be calculated as48,49

G(r, t) =
1

4πρNr2
N

∑

i
δ(r − ∣ri(t) − ri(0)∣), (3)

where ρ is the number density, N is the number of anions, δ is the
Kronecker delta, r(0) is the position vector of the given object at
reference time, and r(t) is the position vector of the given object at
time t.

4. Self-diffusivity (diffusion coefficient)
The self-diffusivity D of the anions was derived by fitting the

mean-square displacement (MSD) to the following functional form:

⟨(r⃗(t) − r⃗(0))2⟩
6t

= D ⋅ ((
t
t∗
)

−(1−α)γ
+ 1)

1/γ

. (4)

The above equation is proposed as a simple extrapolation between
the short-time subdiffusive regime of the mean-square displace-
ments (tα, α < 1) and their long-time diffusive regime. The para-
meter t∗ denotes a crossover time between the subdiffusive and
long-time diffusive regimes, and γ characterizes the shape of the
crossover function.50 r⃗(t) is the position vector of the center of mass
of the anion at time t. The fitted results and the corresponding details
for all anions are shown in the supplementary material, Sec. S1.1. In
addition, the results from the traditional linear fitting51 are shown in
the supplementary material, Sec. S1.2, and the comparisons between
nonlinear and linear fitting are given in the supplementary material,
Sec. S1.3. From the results, we can see that the fitted self-diffusion
coefficients for anions are comparable between the two methods,
and the β values for the linear fits are all above 0.94 (MSD ∼ 6Dtβ),
demonstrating that the fitted anion self-diffusion coefficients are
from the diffusive regimes.

5. Ionic mobility
Under each electric field strength, the drift velocity of the ions

can be obtained from the linear regression of the displacement with
respect to time t,

⟨v⟩− = lim
t→∞

1
t
⟨r⃗−(t) − r⃗−(0)⟩. (5)

Based on drift velocity results (the supplementary material, Sec. S2),
the first four points (five points in total) are used for fitting the ionic
mobility through Eq. (6),

μ− =
⟨v⟩−
E

. (6)
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It has to be mentioned here that the reference frame used in the cur-
rent study is a polymer-centric reference frame and, thus, the total
flux is fully accounted for by the anionic mobility. We note that the
magnitude of individual ionic mobility depends on the choice of
reference frame, but, the total flux and the true conductivities are
independent of the reference frame.28

6. Conductivity
After obtaining the self-diffusion coefficients (from equilib-

rium simulations) and ionic mobilities (from non-equilibrium sim-
ulations), the ideal conductivity σNE− and true conductivity σ− can be
calculated as

σNE− =
ρ

kBT
z2−D−, (7a)

σ− = Fz−c−μ−, (7b)

where ρ is the number density of the total charge carriers, kB is
the Boltzmann constant, T is the temperature, z− is the magni-
tude of the charge of the anion, D− denotes the self-diffusivities
of the anion, F is the Faraday’s constant, c− is the anion charge
concentration, and μ

−
is the anionic mobility. We note that under

the polymer-centric reference frame (which has been suggested for
polymer-based electrolytes52), μ

+
= 0, and the total true conduc-

tivity σ is identical to the anionic contribution σ−. Recent studies
have demonstrated that the self-diffusivity of the cation exhibits a
scaling of D ∼ N−2 with respect to the number of units of the poly-
cation N. Hence, the cationic self-diffusivity contribution to the
Nernst–Einstein conductivity is expected to be negligible relative to
the anionic contribution.53

7. Distinct diffusivities and conductivities
The distinct (correlated) diffusion coefficients, Dij (i, j = −,+),

quantify the (average) influence of the motion of an ion of type i
on ion j and represent a measure of the non-ideal dynamical cor-
relations in the system. We note that the choice of reference frame
does influence themagnitude of dynamical correlations.54,55 The dis-
tinct diffusion coefficients (D−− and D−+) can be calculated from
the self-diffusivity and the overall true conductivity σ (equals σ−
under a polymer-centric reference frame)24,28,33 with the following
equations:

D−− = −
D−

1 − x+
+ (

kBT
ρe2(z+x+)2

)σ, (8)

D−+ = 0, (9)

where x+ and z+ are the molar fraction and effective charge for
cations, ρ is the number density of the total charge carriers, kB is the
Boltzmann constant, and T is the temperature. Further, the corre-
sponding non-ideal contributions to the total conductivity, σ−−, can
be obtained as

σ−− = (ρe2/kBT)(1 − x+)2D−−. (10)

III. RESULTS AND DISCUSSION
A. Anion related dynamical characteristics

Ion size has been suggested in a number of studies in the con-
text of ILs and polyILs to be a critical parameter that influences ion
mobilities.20 The anion size (in terms of the anionic volume37,38) for
the ions chosen in this study is summarized in Fig. 2. The anions
chosen in our study can be divided into two categories: the first five
anions in Fig. 2 have a spherical shape with uniformly distributed
partial charges, and the last three anions have a non-spherical shape
with delocalized partial charges. It can be seen that the non-spherical
anions have a relatively larger size compared to the spherical anions.

As the first step to probe the influence of anion size on the ion
transport properties in polyILs, we present the results of the diffu-
sion coefficient and ionic mobility (Fig. 3) for different anions. The
ionic mobilities of the anions that are displayed in Fig. 3(b) are seen
to exhibit the same trends observed for the self-diffusion coefficients
in Fig. 3(a). In Fig. 3(a), it can be seen that the anion AlCl−4 has
the highest diffusivity, and the anion Cl− has the lowest diffusivity.
Among the spherical anions, we observe an almost direct correlation
between the anion size (volume) and its diffusivity, with the largest
anion displaying the largest diffusivity. Anion pairs BF−4 and PF−6
represent an outlier to such trends in which the diffusivity of BF−4 is
seen to be higher than PF−6 despite its lower volume. More generally,
the correlation between diffusivity and size is seen to break down
when we include the asymmetric anions into consideration. Explic-
itly, larger anions such as TFSI− and PFSI− are seen to exhibit lower
diffusivities compared to themore spherical AlCl−4 ion. Further, even
among the asymmetric anions, the diffusivities are observed to be
not correlated with the size of the anion, with TFSI− possessing the
highest diffusivity despite being intermediate in volume.

Next, we consider the behaviors of the total conductiv-
ity (obtained from the non-equilibrium simulations), the ideal
Nernst–Einstein conductivity [obtained from the anion diffusivi-
ties, cf. Eq. (7)], and the dynamical correlations [in terms of distinct
anion–anion diffusivity D−−, cf. Eq. (8)] as a function of the coun-
terion chemistry. In Fig. 3(c), we display the conductivities as a
function of the different counterions examined in this work. It
can be observed that the overall results exhibit the same trends
observed for the anion diffusivities and mobilities. Explicitly, the

FIG. 2. Histogram showing the anion size (in volume) for all the anions in the
current study.
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FIG. 3. (a) The self-diffusion coefficient for anion D−; (b) the anionic mobility μ
−

as a function of anion volume, the polymer-centric mass was used as the reference frame;
(c) The Nernst–Einstein σ−NE and true σ− conductivities; and (d) the distinct anion–anion diffusivity D−−.

conductivity (both the true and the Nernst–Einstein values) exhibits
a direct correlation to the size of the spherical anions (excepting
BF−4 and PF−6 ). In contrast, among the asymmetric anions, we again
observe that TFSI− displays the largest magnitude of both total and
ideal Nernst–Einstein conductivity despite being intermediate in
size. Further, in comparison to spherical anions, we observe no clear
correlation between the conductivities and the size of asymmetric
anions.

Based on the true conductivities and the anion self-diffusivities
[Fig. 3(a)], we can extract the dynamical correlations in terms of
anion–anion distinct diffusivities D−−. The corresponding results
are displayed in Fig. 3(d) for the different anions. Overall, the
dependence of D−− on the size of the anions is again seen to mir-
ror the trends seen for the self-diffusivities and anionic mobilities.
More interestingly, the distinct anion–anion diffusivities are seen
to be positive and comparable in magnitude to the self-diffusivities
of the anions. Such results (seen across the different counterions)

suggest that the dynamical correlations cannot be neglected in con-
sideration of the ionic conductivities of polyIL systems. Further, the
positive sign of such correlations suggests that the anions exhibit
correlated motion, which enhances the overall conductivity of such
systems (relative to the ideal Nernst–Einstein limit). The latter is
consistent with the generally accepted notion of an ion transport
mechanism in polyILs, which involves a process of hopping through
a series of association–dissociation events involving coordination
of the anion with different cations from more than one polymer
chain.21,23,35,36,49,56 Due to the ion-dense nature of polyIL systems,
it can be expected that such hopping requires positively correlated
motion of anions, as confirmed by the results in Fig. 3(d).

B. Cation–anion radial distribution functions
To understand the origins of the anion size dependency

of the anion diffusivities and conductivities, we first turn to a
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FIG. 4. The radial distribution function g(r) for all investigated ions, both the cation
(imidazolium ring) and the anions are adopting the center of mass.

consideration of the anion–cation radial distribution functions dis-
played in Fig. 4.20,21,23,35,36,56 From the results displayed, we observe
that, among the spherical anions, the intensity of the radial distribu-
tion functions mostly correlates inversely with the size of the anions.
Such a trend also appears to hold when we observe that asymmet-
ric ions, which in general possess larger volumes, correspondingly
exhibit weaker intensities of radial distribution functions (RDFs).
Such results can be understood by noting that anion–cation inter-
actions are primarily influenced by electrostatic interactions, which
are inversely correlated with the size of the anions. However, we
observe that at a quantitative level, size alone cannot explain the
trends. For instance, we observe that AlCl−4 exhibits almost simi-
lar g(r) characteristics as TFSI− and PFSI− despite possessing much
smaller molecular volumes. Similarly, PF−6 exhibits a higher inten-
sity of g(r) compared to BF−4 despite its larger volume (size). Such
results underscore the importance of the charge distribution (delo-
calization) on the anions in addition to size in determining the
anion–cation interactions.

To understand the results observed for anion mobilities as a
function of ion size, we note that there are two competing effects.
On the one hand, smaller ions are expected to exhibit inherently
greater mobility due to their size. Competing with such an effect
are the stronger electrostatic interactions that accompany smaller
ions, as seen in the RDF results displayed in Fig. 4. In comparing the
RDFs with the diffusivity and mobility results in Fig. 3, we conclude
that, at least for the spherical anions, the slower mobility resulting in
stronger electrostatic interactions seems to dominate over the influ-
ence of size on mobilities. We observe that the intensity of the RDFs
also explains the relative ordering of PF−6 and BF−4 diffusivities. How-
ever, in comparing the spherical ions to the asymmetric ions, the
trends are a little less straightforward. We observe that TFO− pos-
sesses the smallest size among the asymmetric anions and exhibits
the strongest intensity of RDF. Consistent with the latter features,
TFO− exhibits the slowest diffusivity and mobility among the asym-
metric anions. However, in comparing TFO− with that of BF−4 , we
observe that BF−4 , which possess a smaller volume and stronger
anion–cation interactions (Fig. 4), exhibits a higher diffusivity. Such
a result suggests that there is a competition between the delocal-
ized electrostatic interactions resulting from larger sizes and the
inherently higher mobilities of units possessing smaller sizes. Similar
results are seen in comparing PFSI−, TFSI−, and AlCl−4 anions that

exhibit comparable interaction characteristics, in which case the dif-
fusivities seem to inversely correlate with their size. Together, such
results demonstrate that both size and the extent of delocalization
of charges (and the resulting electrostatic interactions) influence the
anion diffusivities and the extent of anion–anion correlatedmotions.

C. Ion transport mechanisms
While consideration of RDFs provides a high level understand-

ing of the observed diffusivity and mobility trends, it remains to
be clarified whether there are any inherent differences in the ions
transport mechanisms that can be traced back to the physicochem-
ical characteristics of the anion. As background, we note that a
number of past studies have established that anions in cationic poly-
ILs are coordinated with multiple cations from distinct polymer
chains.20,21,35,36,49,56 The motion of such anions has been shown to
involve a hopping-like motion in which they “rattle” within their
coordination shell for a certain period of time before executing a
hop that refreshes one or more of their coordinating cations.41,49 In
this section, we quantify the different aspects accompanying such
transport for the different anion chemistries.

We start by characterizing the coordination characteristics
(Fig. 5) of the different anions through the anion-polymer associa-
tion function P(N) (characterizing the probability that a given anion
associates with N distinct polyIL chains) and the anion–cation asso-
ciation function P(n) (characterizing the probability that a given
anion associates with n distinct cations). In Fig. 5(a), we observe that
for most of the investigated anions, regardless of the anion shape, a
maximum of P(N) can be observed at N = 2. The only exception
is anion PFSI− (the largest anion), for which a maximum of P(N)
can be observed at N = 1, but with still a broad peak with substantial
probability for N = 2. In Fig. 5(b), it is seen that the peak of P(n)
can be found in the range of n = 3 to n = 5. Smaller anions (Br− and
Cl−) are seen to prefer to associate with fewer cations (n = 3) and
exhibit a narrower peak, while larger anions (AlCl−4 and TFSI−) pre-
fer to associate with more cations (n = 4–5) and exhibit a broader
peak (again, the exception is found for anion PFSI−, which prefers
to associate with only three cations).

Overall, the above results demonstrate that despite significant
differences in the physicochemical characteristics, the anions exhibit
very similar coordination characteristics. As expected, asymmet-
ric anions possessing more delocalized charges exhibit a broader
distribution of coordination states compared to smaller, spherical
anions.

In our recent paper,41 we adopted the Paddison’s method for
characterizing anion hopping in polyILs. In brief, the methodology
relies on a picture in which the anions “rattle” in their coordina-
tion shell for a period of time before executing a hop to their next
coordination shell. The time scale of such hops is identified as the
transition point from the subdiffusive regime to the diffusive regime
in the motion of the anion and can be obtained as the time at which
the non-Gaussian heterogeneity parameter [Eq. (2)] α2(t) attains a
maximum.

The results of α2(t) for different anions are displayed in
Fig. 6(a), where we can see that all α2 profiles exhibit a single
peak inside the time range from 100 to 1000 ps. Consistent with
expectations, we observe that smaller ions, which possess stronger
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FIG. 5. (a) Probability that a given anion is associated with N polymer chains P(N), and (b) probability that a given anion is associated with n cations P(n).

interactions with the cation, exhibit stronger dynamical hetero-
geneities in motion. The results for the corresponding time scale of
hops, t∗, are shown in Fig. 6(b). Interestingly, the time scales t∗ are
seen to be (inversely) correlated with the size of the spherical anions
(again, BF−4 and PF−6 constituting exceptions). However, in the case
of asymmetric anions, the time scales for rattling (and the extent
of dynamical heterogeneities) show no correlation to the size of the
anion or the intensity of the anion–cation interactions.

The next step in characterizing anion motion in polyILs relies
on identifying a spatial distance r∗, which constitutes the distance
to be traveled by the ions to be deemed to have executed a hop.
With the obtained temporal factor t∗, the spatial factor r∗ of dif-
ferent anions can be then evaluated by calculating the self-part of
the Van Hove function G(r, t∗) [cf. Eq. (3)], which characterizes the
probability distribution that a given anion travels a distance of r at
time t∗. Figure 6(c) displays the results of the self-Van Hove func-
tion G(r, t∗) for different anions, where we can see that the profiles
of all the anions, except for TFSI− and PFSI−, exhibit two peaks. The
outlier anions TFSI− and PFSI− are seen to instead exhibit a single
broad peak. Generally, the first peak can be understood to corre-
spond to the range of distance over which the anion is still rattling
within its solvation shell. In contrast, the second peak can be under-
stood to represent the transition (hopping) to the new position of
the first solvation shell. The position r∗ at which the first valley of
G(r, t∗) is located is considered the “distance” that a given anion
must travel to execute an effective hopping event.

From the results displayed in Fig. 6(c), the self-Van Hove func-
tions G(r, t∗) of TFSI− and PFSI− are seen to have only one broad
peak, consistent with the weaker dynamical heterogeneities seen
in α2(t) for such ions. Such results are also in agreement with
those presented in Paddison’s work, which suggested that a single
(and broad) peak may appear when the non-Gaussian heterogene-
ity parameter is weak (the intensity of α2(t) < 1.5).49 In contrast, the
intensity of dynamical heterogeneities in anion AlCl−4 is also smaller
than 1.5 but relatively stronger than that of TFSI− and PFSI−, and a
double peak profile is observed. Since there is no valley observed in
G(r, t∗) for the TFSI− and PFSI− anions, we fit the profile by a sum
of two single Gaussian functions (as shown in the supplementary
material, Sec. S3) to extract the spatial factor r∗ for the anions TFSI−

and PFSI−.

The spatial factor r∗s for different anions is shown in Fig. 6(d).
Surprisingly, the r∗ for those anions with spherical shapes is seen
to be almost constant around 0.4 nm, regardless of the size of the
anion. In contrast, the r∗ for those anions with non-spherical shapes
differs significantly, with the r∗ correlating with the size of the anion
(i.e., PFSI− > TFSI− > TFO−). Together, these results suggest that
the spherical anions exhibit a rattling motion over a distance that
is approximately independent of their size but for a time that is
inversely correlated to their size. In contrast, for asymmetric anions,
the extent of rattling motion is much weaker (due to the delocalized
interactions) and occurs over a larger length scale, which correlates
with the size of the anion.

With the temporal and spatial factors identified for the differ-
ent chemistries, mobile anions can be defined as those that travel
at least a distance r∗ within a given period t∗ and whose one or
more cations in the first solvation shell have changed their identi-
ties. The results for the fraction of such mobile anions are shown
in Fig. 7(a). Therein, it can be seen that fmobile is within a narrow
range from 0.11 to 0.18, with the exception that fmobile for AlCl−4 is
about 0.26. Within the narrow range of values, the trends of fmobile
for anions with spherical shapes mirror the size dependencies seen
in diffusion coefficients and ionic mobilities. In contrast, the fmobile
for those anions with non-spherical shapes is seen to be almost inde-
pendent of size and is ∼0.17. Perhaps the more interesting result is
the observation that, despite significant differences in physicochem-
ical characteristics and dynamical properties, the fraction of mobile
ions is almost the same among the anions.

Upon identification of the mobile anions, we can identify the
extent of intra- and inter-molecular hopping executed by the ions
based on the identity of the cation that is refreshed in the sol-
vation shell. The results for anion hopping analysis based on the
mobile anions are shown in Fig. 7(b), wherein it can be seen that the
fraction of intramolecular hopping is in a narrow range between 0.35
and 0.45. Such a result suggests that the intermolecular hopping has
a higher probability for all investigated anions, regardless of their
shapes and sizes. In addition, the size dependence of the fraction of
intramolecular hopping of five anions with spherical shapes follows
the trends seen for diffusion coefficient and ionic mobilities. In con-
trast, the dependence of the fraction of intramolecular hopping as a
function of size for those anions with non-spherical shapes is seen to
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FIG. 6. (a) Non-Gaussian heterogeneity parameter α2(t), (b) the temporal factor t∗ at which the maximum of α2(t) is located, (c) the self-Van Hove function at t∗, and (d)
the spatial factor r∗ at where the first valley of 4πr2G(r , t∗) is located.

FIG. 7. (a) The fraction of mobile anions determined from both temporal and spatial scales (t∗ and r∗), and (b) the fraction of intra-molecular hopping.

be opposite to the trends for diffusion coefficient and ionic mobil-
ity. Overall, it is seen that the anion’s physicochemical properties
only exert a minimal influence on the fraction of intramolecular vs
intermolecular hopping.

In summary, the results presented in this section illustrate sev-
eral interesting characteristics of the mobile ion motion in polyILs
and their dependencies on the anion chemistry. Overall, it was seen

that the ions with larger sizes and/or delocalized charges exhibit
weaker dynamical heterogeneities. Moreover, the timescale for hop-
ping was seen to depend on the size of the anion for spherical ions
but was not correlated with the size for asymmetric ions. In contrast,
among spherical anions, the distance required to execute a “hop” was
not very sensitive to the size of the ion, but for asymmetric ions, the
distance required to execute a hop was directly correlated with the
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size of the ion. Despite such differences, the fraction of mobile ions
and the fraction of intra- and intermolecular hops were seen to be of
almost the same magnitude for all anions.

IV. CONCLUSIONS
In the present study, the influence of anion chemistry on the ion

transport mechanism in polyIL was probed by equilibrium and non-
equilibrium atomistic simulations. An inverse correlation was found
between anion mobility (self-diffusivity and ionic mobility) and
anion size for spherical anions. While larger non-spherical anions
had higher diffusivities than smaller spherical anions, their mobili-
ties did not exhibit a clear correlation to the anion sizes. Both true
and Nernst–Einstein conductivities, as well as the dynamical corre-
lations, also followed the same trends as displayed by the diffusivity
and themobility of anions. Surprisingly, all the systems we examined
displayed correlated motion among anions, suggesting a positive
contribution to true conductivity. Analysis of ion transport mech-
anisms demonstrated very similar hopping characteristics among
the anions despite significant differences in their physicochemical
features. Overall, our results confirm that ion transport in polyIL
systems (containing a polycation) involves a complex interplay of
size and charge delocalization characteristics.

SUPPLEMENTARY MATERIAL

Electronic supplementary material is available: Section S1
presents the nonlinear and linear fittings for the self-diffusion coef-
ficient for both anions and cations, a comparison between the two is
also presented; Sec. S2 is the fitting of the ionic mobility using non-
equilibrium simulations, the polymer-centric reference frame was
used; and Sec. S3 is the decomposition of the self-Van Hove function
for anions PFSI− and TFSI−.
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