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ABSTRACT: Atomistic molecular dynamics simulations were
performed, and an extensive set of analyses were undertaken to
understand the ion transport mechanism in the polymerized ionic
liquid poly(C2VIm)Tf2N. The ion hopping events were investigated at
different time scales. Ion hopping was examined by monitoring the
instantaneous cation−anion association and dissociation. Ion diffusion
was subsequently evaluated with correlation functions and the
calculation of relaxation times at different time scales. Dynamical
heterogeneity in the mobility of the ions was observed with only a
small portion of the anions classified as fast mobile ions. The mobile
ions were characterized as the ones traveling farther than a certain
distance during a characteristic period, which was much longer than
the time scale of the instant ion pair dissociation. Effective hopping of
the mobile ions contributed to the diffusivity which was dominated by interchain hopping and generally facilitated with five
associating cations from two different polymer chains. Mobile anions had relatively fewer associating cations from more associating
chains than immobile anions. The stringlike cooperative motion was observed in the mobile anions. The string length was
determined to decrease with increasing temperature. These findings provided an in-depth understanding of the ion transport in
polymerized ionic liquids and important information for the rational design of novel materials.

■ INTRODUCTION

Polymerized ionic liquids (polyILs) are polymers containing
ionic liquid moieties in each monomer.1,2 These materials
combine the ion transport behavior of an ionic liquid with the
favorable mechanical properties of a polymer. This promises or
at least provokes the possibility of polyILs as a new class of
electrolytes for electrochemical devices.3 However, the typical
ionic conductivity of a polyIL is considerably lower than
observed in low molecular weight ionic liquids,3 which has thus
far hindered the wide application of polyILs.4−8 To rationally
design polyILs with promising conductivity, it is essential to
uncover a fundamental understanding of the mechanisms of ion
transport.9−14 The low ion conductivity was attributed to the
elevated glass transition temperature and the depleted number
of mobile ions after covalently bonding the ions to polymer
backbones.15 However, the ion transport in polyILs is more
complicated than suggested by the above description. Recent
experimental studies have unveiled the decoupling of con-
ductivity from the segmental dynamics in polyILs, which has
been observed below the glass transition temperature and within
the superionic regime with a Walden plot.12,16−18 Moreover,
recent investigations into the strongly correlated motion in
polyILs provoked the hypothesis of the existence of closed loops
of the counterions. Specifically, ionic conductivity was observed

to be significantly slower than ion diffusion, which was
quantified by an unusually low inverse Haven ratio.18,19

In addition to these experimental studies, a clear description
of ion transport is warranted at the molecular level. Molecular
dynamics (MD) simulations pose an indispensable avenue and
tool for tackling this issue.20−23 A pioneering communication by
Ganesan et al. utilized MD simulations to investigate the
mechanism of ion transport in polyILs.23 Ion hopping occurs
when a counterion loses an existing association with a
polymerized ionic group or forms a new association. This
research group found a correlation between diffusivity and the
average lifetime of ion association. Hopping events were then
categorized into intrachain, interchain, and chain-to-free
hopping events, which were defined only from the identities of
the polymerized ionic groups associated with the targeted
counterion. It was pointed out that the intrachain hopping of the

Received: July 28, 2020
Revised: December 10, 2020
Published: January 4, 2021

Articlepubs.acs.org/JPCB

© 2021 American Chemical Society
372

https://dx.doi.org/10.1021/acs.jpcb.0c06916
J. Phys. Chem. B 2021, 125, 372−381

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
TE

N
N

ES
SE

E 
K

N
O

X
V

IL
LE

 o
n 

Fe
br

ua
ry

 1
3,

 2
02

1 
at

 2
0:

12
:3

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongjun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xubo+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexei+P.+Sokolov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+J.+Paddison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.0c06916&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06916?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06916?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06916?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06916?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c06916?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/1?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/1?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/1?ref=pdf
https://pubs.acs.org/toc/jpcbfk/125/1?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c06916?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf


anions was identified to be the dominant mode of ion transport
in polyILs. This method of analysis was subsequently employed
for various polyILs,24−29 which provided very useful information
for the rational design of novel materials. However, the existing
definition of ion hopping was limited to ion association and
dissociation, which does not capture the exact motion of a single
ion. Thus, we advocate that the methodology can be improved
to elucidate a more complete picture. Specifically, the presence
of dynamical heterogeneity and stringlike motion are important
and worth examining. Prior work has witnessed these
phenomena in ionic liquids (ILs).30−34 Cooperative motion of
the ions was also observed inmolecular simulations of polymeric
single-ion conductors.35,36 Thus, we assert that the dynamical
heterogeneity and stringlike motion could also be present in
these polymerized systems and are therefore an important thrust
of this investigation.
Motivated by the aforementioned studies, MD simulations

were undertaken with poly(n-ethylvinylimidazolium
bistrifluoromethylsulfonylimide) [poly(C2VIM)Tf2N] at vari-
ous temperatures. To find the quantitative evidence of mobile
ion hopping, a series of analyses were performed, including ion
association, diffusivity, categorization of hopping, dynamical
heterogeneity, and stringlike cooperative motion. We submit
that our results will extensively broaden the community’s
understanding of the mechanism of ion transport in polyILs and

thereby potentially guide the development of such a class of
materials.

■ SIMULATIONS
The simulation setup and the force field parameters employed in
the present work are identical with our prior studies, and the
reader is referred to them for a complete description.37,38 Only
important points needed for clarity are provided here: the
simulated system consisted of 10 polycation chains made up of
40 monomers and 400 anions, resulting in a total number of
14020 atoms. The general Amber force field (GAFF) was used
for the bonded and nonbonded interactions.39 A cutoff distance
of 14 Å was used in the Lennard-Jones interactions with the
appropriate tail corrections and electrostatic interactions with
the particle mesh Ewald (PME) method. Information for the
input files was directly taken from the initial configurations from
our prior work as eluded to above.37 Trajectories of 300 ns were
collected over a range of different temperatures, which were set
above the experimental glass transition temperature.7,40,41 All
molecular dynamics (MD) simulations were performed with the
GROMACS package.42

■ RESULTS AND DISCUSSION
Structural and Ion Association Analysis. A structural

analysis was first performed prior to the investigation of the

Figure 1. Center-of-mass radial distribution function, g(r), between the imidazolium rings of the cations (C) and anions (A). (a) Overall g(r). (b)
Decomposition of CC g(r). The out-of-phase correlation between like ions and unlike ions is evident. Four short distance CC peaks below 10 Å are
solely of a polymer nature and due to the chain connectivity

Figure 2.Temperature effect on ion coordination: P(n) is the probability of an anion associating with n cations, and P(N) is the probability of an anion
associating withN chains. An increase in the temperature shifts P(n) and P(N) distributions to the left. On average, one anion coordinates with 4, 5, or
6 cations from 1 or 2 polycation chains.
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dynamics. Center-of-mass radial distribution functions, g(r),
between the imidazolium ring of the cations, C, and anions, A,
are displayed in Figure 1. The out-of-phase correlation between
like ions and unlike ions is evident. It is a ubiquitous
characteristic for any ionic system since the local electro-
neutrality must be fulfilled. Four short distance CC peaks below
10 Å are solely of polymer nature and due to the intrachain
connectivity, which can be seen in the comparison of the total
CC g(r) and intrachain CC g(r). Because the intrachain cations
are constrained by covalent bonds to the polymer, the spatial
distribution of the neighboring intrachain cations is further
investigated and is shown in Figure S1. The first neighboring
cations prefer distances of 3.5 and 6 Å, along with the dihedral
orientations of 25° and 105°, respectively. The second
neighboring cations present more evenly distributed orienta-
tions due to the longer connecting backbone, which have the
preferred orientations of 40°, 105°, and 135°.
Ion association is definedwith a cutoff distance of 7.8 Å, which

is the first local minimum of the CA g(r). If the distance between
the cations and anions is smaller than this cutoff, the ions are
deemed as associated or coordinated. The probabilities of an
anion associating with n cationic groups or with N polymer
chains are denoted P(n) and P(N), respectively. The statistical
results are presented in Figure 2 at each of the selected
temperatures (i.e., 340−600 K). Each anion generally associates
with 4, 5, or 6 cations from 1 to 3 chains. Increasing the
temperature shifts the associating cation distribution, P(n), and
coordinating chain distribution, P(N), to the left; thus, each
anion coordinates with fewer cations and chains at higher
temperatures. To obtain a visual sense of the ion association,
inspection was made of snapshots taken from the simulation
trajectories. The “half-shell” coordination is easy to locate, as
shown in Figure S2, where the associated cations do not form a
closed coordination cage. This could be attributed to the
constraints on the polymerized cations by the backbone, as
depicted in Figure 1b and Figure S1. In the open directions of
the coordination, there are cations outside the first minimum of
the CA g(r), i.e., not defined as associated. However, these
cations are not far away from the targeted anion, which could
increase association as the time elapses. Thus, this “half-shell”
coordination and the unassociated cations that are in close
proximity might be regarded as being in a “loose cage”.
Categorization of Ion Hopping. The categorization of the

ion hopping events is based on the identities of the associated
cationic group, similar to the work of Ganesan et al.23 The
present work revises and improves the definitions, identifying
four distinct types which are sketched in Figure 3: type 1,
intrachain hopping; type 2, interchain hopping; type 3, hopping
involving nonassociating free anions; and type 4, intact
(rattling). Introducing the type 4 distinguishes the ions intact
from the others, which avoids the artificial inflation of
intrachain/interchain hopping into the statistics. In the
numerical implementation, every anion has a list of associating
cations, termed the “cation list”. It also has a “chain list” of the
polymer chains containing the associating cations. The cation
list may gain or lose entities as the time elapses from t = 0 to t =
Δt, where Δt is the sampling time interval, as well as the chain
list. If the cation list does not change, the anion is counted as
type 4. If the cation list is empty at Δt, it is type 3. If only the
cation list changes, i.e., the anion gains or loses an associating
cation but is still associating with the same polymer chain(s), it is
type 1. If both the cation and chain lists change, it is categorized
as type 2.We recognize that the fastest hopping events take place

at a subpicosecond time scale according to Ganesan et al.23

However, their investigation has proved that resolutions of 100−
102 ps have no qualitative deviations. A test in Figure S3 also
shows the possibility of using a large sampling time. Thus,
sampling at intervals of 10 ps was chosen for the convenience of
computational cost.
Figure 4a shows the percentages of the four types. Intrachain

hopping is about 30−40% of the total, which is always more than
interchain hopping. Type 3 is essentially zero. A substantial
percentage of type 4 is observed, making up about 35−50%,
which means that a considerable number of anions do not
experience the breaking or forming of association. Increasing the
temperature promotes both intrachain and interchain hopping,
but the curve becomes more concave, indicating more
enhancement on the interchain hopping. Figure 4b gives the
details of intrachain hopping that the majority of intrachain
hopping involve one or two chains. The probability of involving
only one chain in the intrachain hopping events increases with
temperature, while those involving more chains decrease.

Effect of Structural and Ion Association Relaxation on
Diffusivity. The diffusivity is calculated from the mean square
displacement (MSD) of the anions with the Einstein relation.
MSD plots at different temperatures are shown in Figure S4a.
Sluggish dynamics is evident at the lowest temperatures, and
hence,DAnion can only be reliably derived in the diffusive regime,
which is captured at the temperatures above 420 K. With an
ultrafine sampling time (Figure S4b), a plateau in the MSD is
observed at about 1−100 ps. This plateau implies that ion
motion at such a short time scale does not contribute to the
diffusion, which is attributed to the rattling of the anions in the
cage formed by the surrounding cations. The computedDAnion is
found to underestimate the dynamics in comparison to the
experimental data (Figure S5), which is common in molecular
simulations of ILs and polyILs.29,31,43

To investigate the relation of diffusion to structural relaxation
and ion association, the self-intermediate scattering function,
Fs(q,t), intermittent time correlation function, C(t), and
continuous time correlation function, S(t), were calculated.
The self-intermediate scattering function only represents the
motion of the anions regardless of the cation−anion association,
which is calculated with Fs(q,t) = ⟨exp(iq·[ri(t) − ri(0)])⟩,
where q is the reciprocal wave vector and q = |q|. The wavevector

Figure 3. Categorization of the types of ion hopping. Green arrows
denote anion movement from t = 0 (open blue circles) to t = Δt (filled
blue circles). Black arrows indicate ion associations. The hopping
events can be identified as type 1 (intrachain), type 2 (interchain), type
3 (involving nonassociating free anions), and type 4 (remaining intact
and hence only rattling).
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q* = 0.76 Å−1 is chosen for Fs(q*,t), which corresponds to the
first peak of the AA g(r) in real space.31 A test of q values is in
Figure S6 as supplementary. S(t) and C(t) are calculated with
S(t) = ⟨H(t)h(0)⟩/⟨h⟩ and C(t) = ⟨h(t)h(0)⟩/⟨h⟩, respectively,
where h(t) is unity if an ion association is presented at time t, and
H(t) has a value of unity if the ion association at t = 0 remains
intact continuously up to time t; otherwise, h(t) and H(t) are
zero. S(t) decays with the initial breaking of the cation−anion
association, but C(t) decays only when the anion finally
dissociates from the anion without recovery. Conceptually, the
time scale of S(t) is comparable to the hopping categorization in
Figure 4 because both quantities reflect the instant breaking of
the ion pair association. As anticipated, S(t) decays faster with a
shorter sampling time and relaxes more rapidly than C(t) as
clearly seen in Figure S7. The structural relaxation times, τq, τc,
and the ion association lifetime, τs, are extracted from Fs(q,t),
C(t), and S(t), respectively,44 Practically, the relaxation time is
calculated by fitting the time correlation function to a stretched
exponential function and analytically integrated.24,27,44 To
ensure acceptable quality, τq and τc were calculated over the
entire 300 ns of trajectory as they are independent of the
sampling frequency, while τs is calculated from a trajectory that is
long enough for S(t) to decay below 0.2.
Figure 5 plots the diffusivity as a function of relaxation time,

and the data points are fitted to the power lawD∼ τ−λ. The fitted
curves reveal that λ is approximately equal to 1 for τc but distinct
from unity for τq or τs. The linear correlation of the diffusivity
and 1/τc seems to be in contradiction to the pioneering work of
Ganesan et al.,23 where they demonstrated the relationD∼ τs

−1.
However, this issue ofD∼ τ−λ is rather complicated. Subsequent
work by Ganesan and coauthors also observed D ∼ τs

−1, or D ∼
τc

−1, or both the D ∼ τs
−1 and D ∼ τc

−1 for various polyILs with
different cations.24,25,27,29 The group of Bollinger et al. also
determined that D ∼ τs

−1 is a coarse-grained simulation of ionic
polymers.45 As our results do not confirm these earlier findings,
this issue is not definitively settled.
Dynamical Heterogeneity. The observations discussed

above raise the following question: does the ion hopping, as
defined, contribute to the diffusion? Ion hopping was only
defined on the basis of the ion pair dissociation, and a
considerable contribution of intra- and interchain hopping was
observed every 10 ps. The MSD, however, has a plateau at the
time scale of 1−100 ps, indicating a nondiffusive regime at this
time scale. D ∼ τc

−1 implies that the diffusion is correlated to
dissociation of the ion pair followed by the eventual departure

from the “cation cage”. This phenomenon happens at time scales
much longer than the hopping categorization or the decay of
S(t). To resolve this problem, an analysis over a longer time scale
is required. The self-part of the van Hove function, Gs(r,t) = (1/
N)∑i=1

N ⟨δ(r − |ri(t) − ri(0)|)⟩, was investigated for the anions,
where δ is the Kronecker delta. Gs(r,t) characterizes the
dynamical heterogeneity by its deviation from ideal Gaussian

behavior, i.e., = ⟨ ⟩ − ⟨ ⟩( )( )G r t r t r t( , ) ( ) exp ( )r
s,0

3
2

2 3/2 3
2

22

.46−48 The degree of deviation is quantified by the non-Gaussian

parameter:α = −⟨ − ⟩
⟨ − ⟩ 1r t r
r t r2

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

4

2 2 . In Figure 6, the character-

istic time scale t* is defined as the time it takes for α2 to reach its
maximum; that is, α2(t*) = α2

max, which is the time that
dynamical heterogeneity is the greatest. The maximum in α2
generally decreases with temperature, and t* exhibits a similar
trend. Dynamic heterogeneity is a universal property of
condensed liquids, well established in glass-forming or super-
cooled liquids,46,47 polymer melts,49 lipid membranes,50,51

polymer films,52 proteins,48 and ionic liquids.31 Compared
with low molecular weight ionic liquids, polyILs exhibit greater
dynamical heterogeneity. At T ≤ 460 K, the α2

max of the polyILs
in this work reaches values greater than 1.5. In the similar case

Figure 4.Temperature effect on occurrence probability of ion hopping types at a time resolution of 10 ps. (a) Hopping types. (b) Chain association of
the anions experiencing intrachain hopping. N is the number of associated chains in type 1 hopping.

Figure 5. Correlation between anion diffusivity and relaxation time.
The ion association relaxation τs is probed by the continuous time
autocorrelation function S(t). Structural relaxation times τq and τc are
characterized by the self-intermediate scattering function and
intermittent time autocorrelation function, respectively.
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with the lowmolecular weight ionic liquids and the Tf2N
− anion,

the α2
max was observed to be lower than 0.5.53,54 This difference

may be due to the solid state material and the polymerized
cations of the polyIL.
The function of 4πr2Gs(r,t) evaluates the probability

distribution of the anions traveling to the distance of r in time
t. An initial calculation in Figure S8 estimates that 97% of the
anions do not travel far enough to leave their original cage in 10
ps. Thus, the hopping events should be investigated at a longer
time scale, such as t*, and a distance criterion is proposed to
ensure the hopping is effective. Figure 7 shows theGs(r,t*) at the

characteristic time of the maximum dynamical heterogeneity.
The temperature dependence and time dependence of Gs(r,t)
are shown in Figure S9. The occurrence of a secondary peak in
Gs(r,t*) is a quantitative signature of hopping diffusion.

48 The
first peak (r < 6 Å) suggests the anion of interest is exploring the
original coordination cage. The second peak at about 8 Å is
consistent with the first peak of the AA g(r) and implies that the
anion hops to the first neighboring cage. Hence, the local
minimum ofGs(r,t*) at r* = 6 Å is a natural distance criterion to

conclusively distinguish the fast “mobile” anions from the slow
“immobile” ones. Mobile anions are the anions that have moved
farther than the distance of r* within time of t*, while immobile
anions stay inside the r* range. There are other ways to dictate r*
to define mobile entities, such as Gs(r*,t*) = G0(r*,t*),

46 or
fitting of Gs(r,t*) as a superposition of two distinct mobility
groups,50 or arbitrarily choosing the fastest 6% of the ions with
the largest displacement.55 These different definitions reflect the
freedom in defining the fast mobile ions. To corroborate the
hopping peaks observed in theGs(r,t), the distinct part of the van
Hove function, Gd(r,t) = (1/N)∑j≠1

N ⟨δ(r − |ri(t) − rj(0)|)⟩, is
calculated in Figure S10. The result dictates that the original
positions are occupied by other anions at a later time and the
anions present the concerted motion. Gd(r,t) for the mobile
anions in Figure S11 also seems to hint at a stronger cross-
correlation.
In distinguishing the types of mobile ions, it is necessary to

review the interchain and intrachain hopping in Figure 3. The
“half-shell” coordination and the “loose cage” might allow the
anion to rattle with wider fluctuations involving temporary
association and dissociation. This type of rattling has been
identified as type 1 or type 2 hopping but rarely contributes to
the diffusion of the ions. Hence, it is necessary to distinguish
“effective hopping” from all the hopping events of ion pair
dissociation. As illustrated in Figure 8, the effective hopping
happens when the anion breaks its association and, meanwhile,
travels farther than r* to the neighboring cage by the time t*.
Otherwise, the hopping is ineffective. The discussion above
implies that ion pair dissociation occurs frequently, but only a
few of these events result in effective hopping at a longer time
scale. Ion diffusion is a macroscopic property of effective
hopping, and the distance criterion applies to both type 1 and
type 2. The categorization of the effective intra- and interchain
hopping is given in the following section along with the status of
mobile ion association.

Local Environment of Mobile/Immobile Anions. Snap-
shots of the mobile anions are shown in Figure 9 and clearly
demonstrate the spatial distribution of the mobile anions,
suggesting a more isotropic spatial distribution at higher
temperatures but more anisotropic at lower temperature. The
stringlike cooperative motion of the mobile anions is seemingly
visible at lower temperatures, which will be discussed later. The
identity variation of the mobile anions and probability
distribution of the number of mobile anions are presented in

Figure 6. (a)Mean-squared displacement (MSD) and the non-Gaussian parameters (α2) for the anions. (b)Maxima of α2 and the corresponding time
scale t*. The dashed lines in theMSD are for a slope of one, indicating diffusive behavior. Themaxima of α2 and t* quantify the degree and time scale of
the strongest dynamical heterogeneity, both of which decrease with temperature.

Figure 7. Self-part of the van Hove function, Gs(r,t*), at different
temperatures. For clarity, each Gs(r,t*) curve is vertically shifted by
0.02. The local minimum, r* = 6 Å (vertical dashed line), is used to
conveniently distinguish two populations (fast and slow) of anions.
Multiple peaks in Gs(r,t) are a signature of hopping motion of the
anions to preferentially quantized distances.
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Figure 10. Identities of the mobile anions constantly change
during the simulations. Every single anion has approximately an
equal probability to be mobile at higher temperatures, while the
solidification of identity is detectable at lower temperatures, e.g.,
440 and 420 K, where only a small percentage of the anions are
mobile over the entire simulation. The number of mobile anions

constitute around 15% of the total anions at 600 K, but only 8%
at 420 K. Hence, only a small percentage of anions are mobile on
this time scale.
Because a large proportion of the anions are the slow ones not

contributing to the ion transport at t = t*, it is necessary to
compare the ion association between the mobile ions and slow
immobile ions. Figure 10 reveals that the mobile anions have
relatively fewer associating cations from more associating chains
than the immobile ions. This intuitive insight suggests that the
more flexible coordination constraint leads to faster mobility.
Figure 12 shows the categorization of the effective hopping
events for only mobile anions and the probability mass function
of hopping for mobile anions mediated by N chains. Thus, it
only counts the mobile ions for effective hopping, and the
ineffective hopping in the left panel of Figure 8 is excluded. It
should be pointed out that the analysis in Figure 12 uses the time
interval of t*, which is an order of magnitude larger than the
interval of only 10 ps previously utilized. The cutoff distance is
7.8 Å, the same as shown in Figure 4. One can conclude that the
hopping of mobile anions is predominantly type 2 (i.e.,
interchain) and generally facilitated by five associating cations
from two distinct chains. Type 1 intrachain hopping is a minor
contributor and only accounts for about 15%, in contrast to
categorization with a short sampling time interval as previously
shown in Figure 4. Intrachain hopping of mobile anions is
usually mediated by one or two associating chains, while
interchain hopping is generally facilitated by a larger number of
associating chains. The coordination environment varies little
before and after interchain hopping. There is virtually no type 3
and a negligible amount of type 4 events. A decrease in
temperature leads slightly to an enrichment of interchain
hopping at the expense of intrachain ones, and both interchain
and intrachain hopping involve more associating chains at lower
temperature.

Stinglike CooperativeMotion.To quantify the number of
mobile anions or string length (ns) involved in the stringlike
cooperative motion, the distance between each pair of mobile
anions was examined over a certain time interval. Two anions
belong to the same string if they satisfy min[|ri(t) − rj(0)|, ri(0)
− rj(t)|] < rs, where ri(t) and rj(t) are the positions of the ith and
jth anions at time t, and rs is the cutoff distance determining the
string connection.47 The characteristic time, t*, is used to detect
the stringlike motion, and a cutoff of 2.5 Å is a little larger than
the “hard core” radius of the anions, i.e., t = t* and rs = 2.5 Å in

Figure 8. Illustration of effective hopping. The hopping events
satisfying r > r* (right) effectively contribute to the diffusion. In
contrast, ion dissociation (left) is not sufficient for movement of the ion.

Figure 9. Spatial distribution of mobile anions at (a) 600 K and (b) 500
K. Yellow and red spheres are the anions at t = 0 and t*, respectively. An
isotropic spatial distribution is observed at higher temperature with
more anisotropy occurring at the lower temperature.

Figure 10. Variation in the identity of mobile anions at each temperature: (a) the mobile probability mass function vs the identity of the mobile anion
and (b) the probability distribution of mobile anions, P(Nmobile), as a function of the number of mobile anions,Nmobile. The curves are shifted vertically
for visual clarity. Only a small proportion of the anions are mobile among the 400 total anions.
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the above equation. The representative concerted stringlike
motion inside the simulation box is captured and shown as
snapshots in Figure 13a. The white arrows show the path of the
hopping and that the position of the ions at t = 0 are then
occupied by the ions at t = t*. This replacement is in a concerted
manner forming the stringlike motion. In a recent investigation
of Sokolov and co-workers, closed loops in the ion transport
were hypothesized to explain the much slower ionic
conductivity,18 but this behavior was not observed directly in
the simulations. Figure 13b shows the probability distribution of
the string lengths, P(ns), but only the data points where P(ns) >
10−4 are plotted. The slow anions are artificially defined as the
strings with “zero” length. It confirms that most of the anions are
the slow ones, which are represented by the isolated points in the
upper left corner with ns = 0. Long strings with more than four
anions are found, though the probabilities are much lower than
observed with the short strings. Similar patterns of string length
distribution were observed in the theoretical models for
supercooled liquids, glass-forming liquids, and glass-forming
polymer melts.47,55,56 In this work, polyILs at higher temper-
atures tend to have shorter strings. The average string length ⟨ns⟩
only counts in the strings with ns > 1, which decreases with
temperature except for the lowest temperature in the calculation.
The exception is probably due to the slow dynamics at low
temperatures that the ions are sufficiently mobile to form longer

strings. Generally, the observed increase in string length with
decreasing temperature suggests that the apparent activation
energy for anion transport increases in polyILs with decreasing
temperature. The ⟨ns⟩ for polyIL is about 1.6−2.2 depending on
the temperature, which is consistent with ⟨ns⟩ = 1.4−2.2 for a
theoretical supercooled liquid.47 Closed loops in the trajectory
of the anions have not been positively identified and may
therefore be elusive.

■ CONCLUSIONS

This work has performed the atomistic MD simulations for the
polymerized ionic liquid, poly(C2VIm)Tf2N, and utilized
multiple tools to analyze the ion hopping phenomenon. Ion
hopping was initially investigated by using the traditional
definition, which is based on the instant cation−anion
association and dissociation within a time interval of 10 ps.
About half of the anions are the hopping ions, and the intrachain
hopping is dominant. The diffusivity was then calculated with
the Einstein relation. However, the diffusivity was found to be
the result of effective ion transport, which occurs at a longer time
scale. Consequently, a new concept of effective hopping is
introduced in that the anion must travel farther than a certain
distance. The characteristic time scale of the effective hopping,
t*, was determined to be the time when the dynamical
heterogeneity is the greatest. The distance criterion, r*, was

Figure 11. Comparison of the ion association environment of the mobile (solid lines) and immobile (dashed lines) anions. Probability of (a) the
number of associating cations and (b) the number of associating chains. Mobile anions have relatively fewer associating cations frommore associating
chains than immobile ions.

Figure 12. (a) Occurrence probability as a function of hopping type at four distinct temperatures. (b) Probability mass function for the hopping of
mobile anions as a function of the number of chains,N. The hopping of the mobile anions is predominantly type 2, interchain∼85%. Type 1 intrachain
hopping only accounts for about 15%.
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determined from the self-part of the van Hove function, which
shows multiple peaks. Using r* and t*, a reexamination of the
dynamics revealed that only a small portion of the anions are
mobile at this time, while most anions are just rattling around
their original positions. This leads to the conclusion that the
instant ion pair dissociation is not sufficient for effective
hopping. Thus, the dissociation at a short time scale of
picoseconds may be temporary, and the original association
may be quickly recovered. “Half-shell” coordination and a “loose
cage” of surrounded polymerized cations were discovered
through visual inspection, which may be the structural basis
for temporary dissociation.
Compared with the immobile anions, mobile anions have

relatively fewer associating cations from the more associating
chains. The types of hopping events are investigated again but
only for mobile anions, and the sampling time was set to t*,
which is longer than the scale of ion-pair dissociation. We
determined with our new analysis that interchain hopping is
dominant among the effective hopping events. The motions of
mobile anions were found to be correlated, and stringlike
cooperative motion was observed, where the string length
decreased with increasing temperature. Hence, proper identi-

fication of the principal mode of ion transport is significant in
elucidating the mechanism of ion transport in polyILs. We hope
our numerical observations will rationalize experimental
observations and stimulate future experimental work in
measuring the dynamical heterogeneity and cooperative motion.
Our methods of analysis can be employed for other polyILs to
investigate the effects of the chemistry, and the mechanistic
findings in this work could shed some light on other single ion
conductor systems.
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