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ABSTRACT: We used atomistic simulations and compared the
prediction of three different implementations of force fields,
namely, the original full partial charge system, the scaled partial
charge system, and the Drude oscillator polarizable force field and
its effect on the structural and dynamic properties of a polymeric
ionic liquid, poly(1-butyl-3-methyl-imidazolium hexafluoro-
phosphate). We found that both the scaled and the polarizable
force field models yield comparable predictions of structural and
dynamic properties, although the scaled charge model artificially
lowers the first-neighbor peak of the radial distribution function
and therefore leads to a slight reduction in density. The full charge
model was not accurate in its prediction of the dynamic properties
but could reproduce the structural properties. With a refined
analysis method for the ion-hopping mechanisms, we found that all three methods produce very similar conclusions, namely, that the
mobile anion is associated with three cations from two distinct polymer chains and that the fractions of inter- and intramolecular
hopping events are comparable. Our results demonstrate that the scaled charge force fields provide a computationally efficient means
to capture polarizability effects on both the structural and dynamic properties of polymeric ionic liquid systems.

1. INTRODUCTION
Lithium ion batteries (LIBs) are finding widespread use in a
variety of day-to-day applications such as mobile phones and
electric vehicles.1−4 Despite the promise, it has been found that
the LIBs exhibit problematic issues related to flammability,
liquid electrolyte leakage, dendrite formation, low thermal
stability, poor mechanical properties, and toxicity.5 Solid
polymer electrolytes (SPEs) have been proposed as one
potential candidate for alleviating some of the issues plaguing
the electrolytes in LIBs.6−13 As a family member of SPEs,
polymeric ionic liquids (polyIL) exhibit the attractive
combination of physicochemical and ion-transport character-
istics of ILs and enhanced mechanical properties of
polymers.14−16 As a result, such materials exhibit high
conductivities and lower glass-transition temperatures even at
high charge densities. Consequently, polyILs have attracted
considerable interest as potential electrolytes for LIBs.17−25

In our previous studies, we have used nonpolarizable
atomistic molecular dynamics simulations to study the ion-
transport mechanisms in polyILs and related systems, such as
the origin of the ion-transport mechanism;26 the influence of the
polymer chain length, types of counterions, and morphology on
the ion-transport mechanism;27−31 the influence of the lithium
salt concentration or monomeric ionic liquid concentration on
the ion-transport mechanisms;32−35 and the influence of ion
correlations on the inverse Haven ratio.36 As has been common
practice, the lack of polarizability effects was compensated for by

a simple charge scaling of the charged groups.28,29,33,37,38 Our
studies demonstrated that ion transport in such systems is
governed by a hopping process involving ion pair association/
dissociation of the mobile ion associated with counterions from
distinct polymer chains. Such simulations were used to
rationalize a number of experimental observations relating to
the behavior of conductivity in simple homopolymeric
polyILs,26−31,36 diblock copolymeric polyILs,30,31 and salt-
doped polyILs.32−35

More recently, significant interest has arisen with respect to
the influence of polarizability on the structure and dynamics of
soft matter systems.39−46 Broadly, there are three primary
methods for explicitly accounting for the effects of electronic
polarization in classical simulations, namely, the induced point
dipole, fluctuating charge, and the Drude oscillator mod-
els.39,47,48 The total electrostatic energy of the induced point
dipole system contains the charge−charge, charge−dipole, and
dipole−dipole interactions, with the point dipole on a given
atom calculated using an iterative self-consistent field (SCF)
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procedure.49−54 The fluctuating charge model allows the
charges on individual molecules to dynamically change
according to the electronegativity of each atom in the
molecule.55−60 The Drude oscillator model attaches a ghost
(Drude) particle to its host (core) particle with a harmonic
spring, and then the mass and partial charge of the true atom are
divided into the Drude and core portions.39,54,61−66 In general,
in comparison to the traditional nonpolarizable force field (fixed
charge)model, all of the polarizablemodels introduce additional
degrees of freedom to be solved self-consistently during the
simulation, which increases the computational expense and
serves to explain the relatively fewer number of studies
employing such a framework.
Recently, Maginn et al. compared the prediction of structural,

thermodynamic, and transport properties of molten salt by using
fixed-charge and induced-dipole models for polarizability.67

They found that both models predict similar structural and
dynamic properties of multiple types of molten salts, with the
only property exception being the liquid density, where the
induced-dipole model yielded more accurate results. McDaniel
et al. studied the influence of electronic polarization on the
structural properties of ionic liquid systems.68 Upon systemati-
cally comparing the ion pair interactions (anion−anion, anion−
cation, and cation−cation) between the fixed-charge model and
polarizable model, they found that the ion pair interactions are
more repulsive andmore localized in the absence of polarization.
Pa  dua et al. suggested that the scaled-charge model would
artificially lower the first-neighbor peak and therefore predict a
lower density in comparison to experimental values.69 Besides
the structural and dynamic properties, the influence of
polarizability on the phase behavior has also been probed in
recent studies.70,71

Motivated by the above studies, in this article we revisit and
present results for the influence of polarizability on the structure
and ion-transport mechanisms in polymeric ionic liquids.
Specifically, we compare the predictions of three different
implementations of the force field, namely, the original full
partial charge (FC) system, the scaled partial charge (SC) force
fields, and the Drude oscillator polarizable force field (PF) on
the structural and dynamic properties of the polyIL poly(1-
butyl-3-methyl-imidazolium hexafluorophosphate). We find
that both the scaled and the polarizable force field models
produce comparable predictions of structural and dynamic
properties. However, the scaled charge model artificially lowers
the first-neighbor peak of the radial distribution functions
(between anion and cation) compared to the polarizable force
field and therefore leads to a slight reduction in density. (In SI
Section S1, we show the mass density of the investigated
systems.) In contrast, the full partial charge model was found to
be inaccurate for the prediction of the dynamic properties, but it
could reproduce the structural properties. With a refined
approach for probing ion-hopping mechanisms, we found that
all three methods produce very similar conclusions, namely, that
the mobile anion is associated with three cations from two
distinct polymer chains and that the fractions of inter- and
intramolecular hopping events are comparable. Together, our
results suggest that the scaled partial charge approach provides
an efficient computational approach to accommodate much of
the physics arising from polarizability characteristics.
The rest of this article is organized as follows. In section 2, we

describe the implementation details of the nonpolarizable force
field model and the polarizable force field. In section 3, we
discuss the results of mobile ion diffusion coefficients, the static

ion pair association status, and the anion transport mechanisms.
We conclude with a brief summary of our findings and
conclusions in section 4.

2. SIMULATION DETAILS
2.1. Nonpolarizable Force Field Model. In the present

study, we used atomistic molecular dynamics simulations to
investigate the structural and dynamic properties of poly(1-
buty l -3-methyl - imidazol ium hexafluorophosphate)
([BmIm]+[PF6]

−). The setup of the simulated system is the
same as in our initial study,26 where the polymer chain length is
32, the number of chains is 8, and the total number of ion pairs is
256. The all-atom optimized potential for liquid simulations
(OPLS-AA) was employed to model the bond, angle, dihedral,
improper torsions, and nonbonded interactions,72 and the
potential energy of the system can be described using the
following function:

θ ϕ

ψ

= + +

+ +

U r U r U U

U U r

( ) ( ) ( ) ( )

( ) ( )

bond angle dihedral

improper nonbonded (1)

In eq 1, the first two terms were modeled using the harmonic
function form, the dihedral potential adopted the Fourier
function form, the improper torsion employed the periodical
function form, and the nonbonded interactions could be written
as
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In eq 2, f ij was used to scale 1−4 interactions by a factor of 0.5,
the interactions beyond 1−4 interactions were not influenced,
and f ij was set to 1.0. The pairwise Lennard-Jones (LJ)
parameters (ϵ and σ) and the partial charges were explicitly
listed in our recent papers26 (and are listed in SI Section S2), and
the geometric combining rule was used to generate the LJ
parameters for cross-terms. The optimized partial charges were
used directly for the full partial charge FC system. For the scaled
partial charge system, a factor of 0.8 was applied to scale the
partial charges. Such a factor that has been suggested in past
studies has yielding better agreement between the dynamic
properties obtained from the simulations and the experi-
ments.28,29,33,37,38,73

The initial configuration of the simulation box was
constructed by packing eight polymer chains randomly into
the simulation box by Packmol.74 A multistep pre-equilibration
scheme inspired by the 21-step decompression method
proposed by Colina and co-workers was used to decompress
the initial simulation box to the experimental densities.75,76 A
single loop of the multistep pre-equilibration consists of 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 eight
times. The configuration that was obtained from the above pre-
equilibration procedure was used for the production run with
the NPT ensemble for 220 ns, and the last 200 ns trajectories
were used for analyzing the statistical and dynamic properties.
The force, velocity, and position of the simulations were

updated with the time step δt = 1 fs. The cutoff for 12−6
Lennard-Jones potential was set to 1.2 nm, and the long-range
electrostatic interactions were calculated with the particle−
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particle particle−mesh (PPPM) solver with a tolerance of 1 ×
10−5. The Nose  −Hoover thermostat was used for temperature
coupling at 600 K, and a Parrinello−Rahman barostat was used
for pressure control at 1 atm, with the corresponding coupling
parameters τT = 0.2 ps and τP = 0.5 ps. The choice of 600 K as the
temperature for our simulations was to ensure that we could
extract meaningful displacement statistics for anion transport.27

Five samples with different initial configurations were used to
average the presented statistical and dynamic properties. The
centers of mass of the imidazolium [BmIm]+ and anion [PF6]

−

were used for the analysis of the radial distribution functions and
the dynamic properties. All of the all-atom simulations were
performed with the large-scale atomic/molecular massively
parallel simulator (LAMMPS),77 the source code was down-
loaded from the official repository on Github, and the patch date
of the compiled version was May 14, 2021.
2.2. Polarizable Force Field Model. In the current study,

we employed the Drude oscillator model developed by Pa  dua et
al.69,78 to account for the effects of polarizability. In Pa  dua’s
approach, the mass of the Drude particle was fixed as 0.4 au, the
spring constant (kD) for the harmonic potential between the
Drude and core particles was 4184 kJ·mol−1, and the equilibrium
bond distance of the harmonic potential was 0.0 nm. The partial
charge (qD) on the Drude particle was calculated using

α=q k( )D D
1/2

(3)

where α is the atomic polarizability obtained from the
literature.79 We note that only heavy atoms are considered to
be core particles, and the polarizabilities of the hydrogen atoms
are merged into their corresponding heavy atoms. The
summations of the masses and charges of the Drude and core
particles were equal to the mass and charge of the original atom.
At short distances, the electrostatic interactions between the

neighboring Drude particles could lead to instabilities in the
simulation. To alleviate this issue, the Thole damping function
with a universal damping parameter (a = 2.6) was utilized to
reduce the electrostatic interactions.80,81 Because of the
additional degrees of freedom that were induced by the Drude
particles, the temperature-grouped Nose  −Hoover thermostat
was used for the temperature coupling of the core particles at
600 K and of the Drude particles at 1 K.82 All other settings that
control the molecular dynamics simulation as well as the pre-
equilibration and production procedures were the same as that
in the nonpolarizable force field simulation. The polarizable
force field simulation with the Drude oscillator model can be
enabled in LAMMPS by activating the USER-DRUDE pack-
age69 (the date of the compiled version was the same as above).
2.3. Performance Benchmark. As has been mentioned

above, the introduction of the Drude particles would introduce
an additional degree of freedom into the computations and
thereby increase the cost of the simulations. All of the
simulations were performed at the Texas Advanced Computing
Center (TACC). The CPU is an Intel Xeon Platinum 8280
(Cascade Lake) which has 56 cores on two sockets with a 2.7
GHz clock rate, and the RAM is DDR4 with a 192 GB capacity.
The fixed-charge systems could compute 1.24 ns (scaled charge)
and 1.19 ns (full charge) per hour per computing node. In
contrast, the system with a polarizable force field could compute
only 0.25 ns per hour per computing node, which is about 5
times slower than that of the fixed-charge systems.

3. RESULTS AND DISCUSSIONS
The fully charged OPLS-AA force field (FC) is parametrized to
accurately describe the physical properties (such as density,
heats of vaporization, and structural properties) of the modeled
systems. However, in such force fields, dynamic properties such
as the diffusivity of ions are often underestimated relative to
experiments. A popular solution to address the underestimated
ion-transport properties using the traditional fixed-charge model
is to apply a scale factor to the point partial charges (SC force
field). Several studies have demonstrated that the structural and
physical properties can still be captured by applying a charge-
scaling factor of 0.7−0.9, whereas the transport properties are
displayed better in comparison to the experiments.28,29,33,37,38,73

However, to our knowledge, in the context of polyILs, there has
not been a comparison of whether the scaled charges capture the
structure and dynamic properties of the polarizable force fields
(PF). More generally, while the SC system reduces the
electrostatic interactions and accelerates the dynamics, it is
not clear if the specific mechanisms of ion transport can also be
captured in such a simplistic approach. The results below
present such an explicit comparison while simultaneously
examining the performance of the fully charged force field.

Ion Diffusivity. To compare the influences of different
implementations of the force fields on the ion transport in
polymeric ionic liquid, we first examine the predictions for the
anion (the mobile ion) diffusivity arising in the different models.
The mean square displacements (MSDs) for the PF6

− anion
as well as their corresponding fits are shown in Figure 1. In

Figure 1, we can immediately see that theMSD of the SC system
is faster than those of the PF and FC systems. However, the
MSD of the PF system is seen to be closer to that of the SC
system compared to that of the FC system. The fitted Dpolar and
Dfull values are about 5.37× 10−8 and 4.92× 10−9 cm2·s−1, which
are factors of 2.3 and 25 times smaller than Dscaled, respectively
(the linear fitting of the corresponding MSDs is shown in SI
Section S3). We note that the fitted Dscaled value is about 1.25 ×
10−7 cm2·s−1, which is smaller than the diffusivity (1.70 × 10−7

cm2·s−1) reported for polyILs with a polymer chain length of 8 in
our other study.30 These differences in Dscaled can be explained
by the fact that the diffusion coefficient decreases with increasing

Figure 1. Mean square displacements for a nonpolarizable force field
with scaled charges (scaled), the polarizable force field (polar), and the
nonpolarizable force field (full). The yellow dotted line is the
benchmark line indicating the diffusive region, which has a slope of
1.0 on the log−log scale.
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polymer chain length27 and that the polymer chain length in the
present study is 32.
The above results suggest that the anion diffusion is almost an

order of magnitude slower in the full charge (FC) model than in
the PF model. By simply applying a uniform scale factor (0.8 in
the current study), the anion diffusion coefficient significantly
improves in comparison to the PF system. However, it can also
be seen that a scaling factor of 0.8 may not universally capture
the diffusion coefficient of PF with quantitative accuracy.
Instead, our results indicate that the actual scaling factor may
have to be tuned to the specific system under consideration.
Cohesive Energy.The cohesive energy of the polyIL, which

is the difference between the energy of the polyIL and the
isolated ions (polycations and anions), is calculated to validate
the correctness of the adopted force fields.68,83,84 The cohesive
energy Ecoh is evaluated through the expression

⟨ ⟩ = ⟨ ⟩ − ⟨ ⟩ − ⟨ ⟩+ −E E E Ecoh total (4)

where ⟨Etotal⟩ is the total energy (normalized by the number of
ion pairs) and ⟨E+⟩ and ⟨E−⟩ are the energies of the polycation
and anion in the gas phase, respectively. ⟨···⟩ represents the
ensemble average over the MD trajectories. (The details for
calculating the cohesive energy in the gas phase are described in
SI Section S4.)
The calculated Ecoh values for different force fields are

summarized in Table 1. From the values, we can see that the Ecoh

for the SC model is about 33% lower than the Ecoh for the FC
model, in agreement with the expectation that the SC model
cannot accurately predict the cohesive energy in a monomeric
ionic liquid system,83 although the SC model is cost-effective
and is semiquantitatively accurate in its prediction of the
diffusion coefficient. The Ecoh for the PF model is about 10%
lower than the Ecoh for the FC model. The corresponding
deviation is about 5% between the nonpolarizable and
polarizable force fields for 1-butyl-3-methyl-imidazolium tetra-
fluoroborate ([BmIm]+[BF4]

−) that was optimized using the
first principles method,83 and the deviation was about 0.2 to
13.1% for multiple monomeric ionic liquids (cf. Table 269) that
used the same polarizable implementation as ours.
Furthermore, the densities of three systems are also reported

in Table 1. Therein, we can see that the trend in the density is the
same as what we saw for the cohesive energy, meaning that the
density for the SCmodel is the lowest, which is about 5.6% lower
than that for the FC model. The deviations between the FC
model and the SC model were about 1.5 to 6.1% for 29 types of
monomeric ionic liquid in Acevedo and associates’ work.85 The
predicted density of the PF model is about 1.8% lower than that
of the FC model. The above results indicate that the SC model
underestimates both the cohesive energy and the density. In
contrast, the predictions of the cohesive energy and density of
the PF model are comparable to those of the FC model.

Structural Characteristics of Ions. We characterized the
structural features of the different systems through the radial
distribution function for anion−cation pairs

∑ ∑
δ

π
=

−

= =

g r
V
NN

r r

r
( )

( )

4ij
i j i

N

j

N
ij

1 1
2

i j

(5)

where Ni and Nj are the number of atoms of polycation BmIm+

and anion PF6
−, V is the time-averaged volume of the simulation

box, and δ is the Dirac delta function. For the polycation BmIm+,
we chose the center of mass of the imidazolium to represent the
reference, and for the anion PF6

−, we also used the center of
mass as the reference. (In SI Section S5, we use the carbon atom
on the N−C−N bridge to represent the BmIm+ polycation and
the phosphorus atom to represent the PF6

− anion.)
The calculated g(r) values for the three force fields are shown

in Figure 2. Figure 2a,b displays the g(r) for the like-ion species.
It is seen that the different force field models have only a limited
influence on the anion−anion ion pair interactions. In contrast,
the cation−cation interactions are significantly impacted by
different models. Explicitly, the PF model has higher ion-pair
interactions than the other two models. Such results indicate
that the induced Drude particles and the changes in the charges
for the core particles have a significant impact on the ion pairing
of the connected (due to the backbone) polycations.
The inset of Figure 2c displays the magnified g(r) that

contains the information on the main peak for the anion−cation
interaction, where we can see that the SC system has the smallest
peak intensity. Furthermore, we observe that the cutoff which
determines the first solvation shell (i.e., the location where g(r) =
1.0 after the first peak) is the largest (0.63 nm) for the scaled
charge system in comparison to the other two systems, while the
cutoffs for the polar system and the full partial charge system are
almost identical (0.61 nm). Such results support the reasoning
that the weaker anion−polycation interactions in the SC system
facilitate faster anion transport in such cases.69 More
interestingly, in comparing the predictions of the FC and SC
models to PF, the peak intensity and the first solvation shell are
seen to be more accurately reflected in the FC model. Such
results again reinforce that whereas the SC model artificially
decreases the interaction between the anion and polycation to
capture the polyIL dynamic characteristics, such features come
at the expense (albeit, small) of an accurate prediction of the
structural characteristics.
Furthermore, the charge oscillations in the different force

fields were also probed. The latter is related to the net-neutrality
condition,84

∫ ∑π ρ = −
α

α α αβ β

∞
r q g r r q

4
3

( ) d
0

2

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (6)

where α and β are either polycation BmIm+ or anion PF6
−, q is

the anion charge, ρ is the number density, and g(r) is the radial
distribution function. Instead of extending the limits to infinity, a
distance-dependent summation has been calculated since the
simulation box would have an actual finite size:

∫ ∑π ρ = −
α

α α αβ βr q g r r q r
4
3

( ) d ( )
r

0

2 sum

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (7)

The calculated charge oscillations are displayed in Figure 2d,
wherein it can be seen that qsum for polycation BmIm+ (dark
gray) and anion PF6

− (purple) fluctuates and decays around −1

Table 1. Comparison of Density and Cohesive Energy at 600
K for aNonpolarizable Force Field with Scaled Charges (SC),
the Polarizable Force Field (PF), and the Nonpolarizable
Force Field (FC)

Ecoh (kcal·mol−1) ρ (kg·m−3)

scaled −161.64246 1.20437
polar −216.56906 1.25280
full −240.71630 1.27576
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and 1, respectively, indicating the satisfaction of the net-
neutrality condition. It is worth mentioning that the PF model
has smaller long-range charge oscillations, which is consistent
with the Stillinger−Lovett sum rule and further demonstrated
that the lack of electronic polarization effects would influence
the prediction of long-range ion structure.84

In addition, the influence of different force field models on the
polymer structure has been probed by calculating the radius of
gyration Rg. The calculated Rg values for the SC, PF, and FC
models are 2.02, 1.99, and 2.05 nm, respectively. Although the
results for g(r) for cation−cation and qsum for the cation indicate

that the influence of polarizability is not negligible, the influence
on the polymer structural features such as Rg is seen to be
minimal.

Ion-Transport Mechanisms. One of the objectives of the
present study is to go beyond a comparison of simple structural
measures such as g(r) and instead more directly probe the
influence of polarizability on the mechanisms of ion transport
and especially the ability of the SCmodel to capture such details.
In our previous studies with the SC model, we have shown that,
at equilibrium, the mobile ion prefers to associate with four
counterions that are from two distinct polymer chains.26−33

Figure 2. Radial distribution functions (g(r)) for the nonpolarizable force field with scaled charges (scaled), the polarizable force field (polar) and
nonpolarizable force field (full) for (a) anion−anion, (b) cation−cation, (c) anion−cation, and (d) the charge oscillation for anion and cation.

Figure 3. (a) Probability that a given anion is associated with N polymer chains P(N). (b) Probability that a given anion is associated with n cations
P(n).
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Furthermore, the accompanying ion-transport process was
shown to retain such static features and was governed by the
association/dissociation events involving intra- and intermo-
lecular hopping processes.
For the present study, in Figure 3 we display the results for the

probability distribution that a given anion is associated with N
polymer chains P(N) and n polycations P(n). As can be seen
from the probability distributions, we observe very similar
features for both P(N) and P(n) among all three different
implementations of force field models. Explicitly, a maximum of
P(N) at N = 2 is observed in Figure 3a, indicating that a given
anion is preferentially associated with two distinct polymer
chains. Furthermore, a maximum of P(n) at n = 4 can be seen in
Figure 3b, suggesting that a given anion is likely to associate with
four polycations. Such results agree with our previous
studies26−33 and suggest that the different implementations of
the force field have very limited influences on the ion-pair
association distributions.
To complete the characterization and comparison of anion-

transport mechanisms, we adopt an approach different from our
earlier studies. To recall, in our previous studies, we utilized two
types of ion-hopping analysis, namely, the ion-pair-based
analysis30 and the mobile-ion-centered analysis.26 The common
feature of such analyses is the use of the instantaneous
association status of ion pairs to determine whether an ion has
executed a hopping event between time frames of observation. A
recent study by Paddison et al.86 demonstrated that character-
izing ion-hopping mechanisms based on neighboring frame
analysis typically overcounts the movements due to not
discounting ion-rattling events.34 Instead, Paddison et al. have
used an approach based on the self-van Hove function to
quantify temporal and spatial hopping events,86 which enables
the filtering of the rattling or ineffective hopping events. The
idea behind such methodology is to use the self-van Hove
function to first identify the time scale (t*) beyond which an ion
can be deemed as moving further from its cage (i.e., rattling).
Subsequently, the analysis considers only ions which move
beyond the critical distance (r*) encompassing the length scale
of the cage to identify “truly”mobile ions and the mechanisms of
their motion.
To implement the refined ion-hopping analysis (in SI Section

S6 we discuss the results of the hopping event analysis based on
the original neighboring frame approach), two system-depend-
ent parameters should be defined prior to the hopping analysis,

namely, the critical temporal parameter t* and the critical spatial
parameter r*. The critical time t* can be defined as the transition
point from the subdiffusive regime to the diffusive regime and
can be obtained by considering the non-Gaussian heterogeneity
parameter α2(t) defined as

α = ⟨ − ⟩
⟨ − ⟩

t
r t r
r t r

( )
3 ( ( ) (0))
5 ( ( ) (0))2

4

2 2 (8)

where r(0) and r(t) are the particle position at reference time t =
0 and current time t, respectively, and ⟨·⟩ represents the
ensemble average. The results of non-Gaussian heterogeneity
parameter α2 for three systems are shown in Figure 4a. The
location of the maximum in α2 indicates the transition point
from the subdiffusive regime to the diffusive regime, and the
corresponding time t is taken as the critical time t*. We observe
that the scaled partial charge system exhibits the fastest t* (693
ps). The t* of the polar system is close to the scaled partial
charge system (1147 ps), and the full partial charge system
exhibits the slowest t* (11 277 ps). Such results are consistent
with the hierarchy and orders of magnitude of the diffusion
coefficients obtained using the different force fields.
After obtaining the critical time t*, we then evaluate the self-

van Hove function to find the critical distance r* characterizing a
hopping event. The self-van Hove function 4πr2g(r, t) is a
function that describes the probability of finding a particle at
time t a distance r from its original position. Figure 4b displays
the self-van Hove function of three systems at their
corresponding critical time t*. In all cases, we observe two
peaks in the probability distribution. The first peak signifies the
rattling motion of the ions inside the ballistic cage, whereas the
second portion indicates the probability of anions which have
hopped to their new positions. (In SI Section S7, we show that
the new position corresponds to the length of first solvation
shell.)We adopt the position of the valley between the two peaks
as the critical length r*. In other words, an anion is considered to
be truly participating in a hopping event only if it travels further
than r* in time t*. It can be observed that although different
force fields exhibit different critical times t*, the critical lengths
r* are aligned at the same value of 0.4 nm. Such results are again
consistent with the fact that the different implementations of
force fields displayed only minor differences in structural
properties despite exhibiting very different dynamic character-
istics.

Figure 4. (a) Non-Gaussian heterogeneity parameter α2 (the vertical line indicates the position where α2 reaches the maximum) and (b) the self-van
Hove function at t* that was obtained from the maximum in α2.
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On the basis of the identification of the mobile ions, we revisit
the ion pair association distributions in order to characterize the
status of the mobile ions prior to the actual hopping event. From
the results displayed in Figure 5a we can see that there are no
significant differences in the anion-chain association when
compared to the distributions displayed by all of the anions
(Figure 3a). Specifically, we still observe a maximum of P(N) at
N = 2, suggesting that both the mobile and immobile anions
prefer to associate with two distinct polymer chains.
Furthermore, the choice of the force field seems to have very
little influence on the probability distributions of the anion-
chain associations. However, the ion pair associations are quite
different between the mobile and immobile anions, as shown in
Figure 5b. Explicitly, a maximum of P(n) at n = 3 can be
observed for the mobile anions, which contrasts with a
maximum of P(n) at n = 4 seen for the immobile anions. Such
results suggest that an ion pair association has to be lost to
facilitate a successful hopping event of an anion.
In comparing the different force fields, we do observe

noticeable differences among the probability distributions.
Specifically, the PF system displays a broader distribution of
coordination for the mobile ions with a higher fraction of ions
being coordinated with only two cations before the hopping
events. In contrast, the FC system displays a larger fraction of
ions being coordinated with four cations before the hopping
event. While such results do not lend themselves to a simple

physical explanation, we expect such characteristics to play a role
in the dynamic correlations between the ions and the
quantitative values of conductivities predicted by the different
force fields.
Next, using both the temporal scale t* and the spacial scale r*,

we quantify the anion-hopping mechanisms and probe the
influence of different implementations of force fields. In Figure
6a, we display the probability distribution of the travel length of
all anions at the critical observation time t*, where we see that
there is a strong peak in the short travel length range (r < r*),
which indicates that a considerable number of anions are just
rattling within their ballistic cages. By integrating the probability
distribution for r > r*, we can obtain the fraction of anions which
are truly “mobile.” From the results displayed in Figure 6a, we
observe that the fractions of mobile ions mirror the trends
observed in the dynamic characteristics, viz., fscaled ≃ 17% > f polar
≃ 12% > f full ≃ 7.5%.
On the basis of the identification of the mobile ions, we

quantify the fraction of inter- and intramolecular hopping
events. Explicitly, subsequent to ion hopping, if the newly
formed ion pair retains its original polymer chain identity, then
the event is viewed as an intramolecular hopping event. In
contrast, if the newly formed ion pair involves a new polymer
chain identity, then the event is categorized as intermolecular
hopping. From the results displayed Figure 6b, the fractions of
intra- and intermolecular hopping are seen to be comparable for

Figure 5. (a) Probability that a given anion is associated with the number of polymer chains P(N) and (b) with the number of cations P(n), where the
solid line represents the mobile ions and the dashed line represents the immobile ions.

Figure 6. (a) Distribution probability of the travel length of all anions at time t* and (b) the intra- and intermolecular hopping fractions only for anions
that could travel farther than r* = 0.4 nm.
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all three systems, with the fractions being about 50%. It is
observed that the SC system displays a slightly larger extent of
intramolecular hopping in comparison to the PF case. The FC
case not only exhibits the largest extent of intramolecular
hopping but also suggests (in contradiction with the PF results)
that the intramolecular hopping events are dominant compared
to the intermolecular events. Although the SC case under-
predicts the extent of intramolecular events relative to PF, the
former does seem to capture the dominant nature of the
intermolecular hopping events.

4. CONCLUSIONS

In this study, we presented the results of atomistic simulations
comparing the predictions of three different implementations of
force fields, namely, the original full partial charge system, the
scaled partial charge system, and the Drude oscillator polarizable
force field, for the structural and dynamic properties of a
polymeric ionic liquid, poly(1-butyl-3-methyl-imidazolium
hexafluorophosphate). Our results demonstrate that both the
scaled and polarizable force field models are comparable in their
predictions of structural and dynamic properties, although the
scaled charge model artificially lowers the first-neighbor peak of
the radial distribution function. The full charge model was not
accurate in its prediction of the dynamic properties but could
reproduce the structural properties. With a refined analysis
method for the ion-hoppingmechanisms, we found that all three
methods produce very similar conclusions, namely, that the
mobile anion is naturally associated with three cations from two
distinct polymer chains and that the fractions of inter- and
intramolecular hopping events are comparable.
Together, our results demonstrate that the scaled charge force

fields do serve to provide a computationally efficient means to
capture polarizability effects for both the structural and dynamic
properties of polymeric ionic liquid systems. In future studies, it
would be of interest to determine if higher-order dynamic
features such as dynamic ion correlations are also equally well
reflected in the scaled charge models. Such measures are of
interest in accurately computing quantities such as the
conductivity87 and transference number.36,88,89
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