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ABSTRACT: We present the results of a multiscale
simulation framework investigating the ion transport mecha-
nisms in multicomponent polymerized ionic liquids. Three
different classes of polymeric ionic liquid systems, namely,
random copolymers, lamellae forming block copolymers, and
homopolymers, are constructed at the coarse-grained scale,
and their atomistic counterparts are derived by using a reverse
mapping method. Using such a framework, we investigate the
influence of morphology on ion transport properties of such
polymerized ionic liquids. Our results for ion mobilities are in
qualitative agreement with experimental observations. Further
analysis of random copolymer and block copolymer systems
reveal that the reduced ion mobilities in such systems arise from the influence of architecture and morphology on ion
coordination and intramolecular hopping events.

Self-assembled morphologies of block copolymers (BCP)
containing polymerized ionic liquids (polyILs) are an

emerging class of novel materials that are attracting interest in
applications for lithium ion batteries.1−3 It has been suggested
that, by the appropriate choices of mechanically strong and
conductive blocks and by tuning the morphology and domain
sizes of the polyIL-BCPs, such materials could bypass the usual
trade-offs between mechanical strength and conductivity.4−10

Moreover, polyIL microdomains possess higher electro-
chemical stability compared to neutral block copolymers,
which renders such systems attractive for lithium ion batteries.
Motivated by the above features, recent experimental studies

have examined the influence of morphology on the ion
transport properties of polyIL-BCPs. Elabd, Winey, and co-
workers studied the electrochemical properties of multi-
component polyILs and observed that the ionic conductivities
of the polyIL BCPs were approximately 2 orders of magnitude
higher than their disordered polyIL random copolymer analogs
at similar polyIL compositions. They attributed the higher
conductivity of polyIL-BCPs to the microphase separation in
BCPs.6 In a different study, the same authors considered a
strongly microphase-separated morphology (of a different
polyIL-BCP) and showed an order of magnitude enhancement
of conductivity arising from the enhanced microphase
separation.11

While the above studies (and others) have highlighted the
influence of microphase separation on ion transport in polyIL-
BCPs, an understanding of the mechanisms underlying such
observations is still lacking. In this context, we note a number
of studies have considered the mechanisms of ion transport in

microphase separated salt-doped neutral block copoly-
mers.12−15 In such materials, ion transport is assisted by the
segmental motion of the polymers, and the influence of
microphase separation has been rationalized through the
combined influence of ion concentration profiles and the local
segmental dynamics of the polymers.16,17

However, in comparison to the segmental dynamics assisted
hopping mechanism in salt-doped polymer electrolytes,
Mogurampelly and co-workers demonstrated that the ion
transport mechanism in polyILs is governed by an associa-
tion−dissociation process that they schematically termed as
“ladder climbing”, involving four polymeric cations from two
different polymer chains.18−20 As a consequence, the segmental
dynamics of the polymers was shown to possess reduced
significance in polyIL systems, and such results were used to
rationalize the experimentally observed decoupling between
ionic conductivities and glass transition temperatures in such
materials.
Together, the above discussion points to the possibility that

ion transport in polyIL-BCPs may involve physics different
from those identified in salt-doped BCPs. Motivated by an
objective to identify the transport mechanisms in multi-
component polyILs, in this letter, we report the results of a
multiscale simulation approach which probed, at an atomisti-
cally resolved level, the structure and dynamics of three classes
of polyIL systems: random copolymers (RA), diblock
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copolymers self-assembled in to lamellar phases (LA), and
homopolymers (HO; cf. Figure 1).
Briefly, the multiscale simulation framework consists of three

steps: The first step uses a simple “ideal” coarse-grained model
to quickly converge the different systems to desired

morphologies.15 The second step bridges the ideal model
and the real model with a coarse-grained (CG) model of
higher chemical fidelity. Finally, the third step introduces
chemical structural details via reverse mapping of the CG
morphology.21,22 In Supporting Information (section S1), we

Figure 1. Morphologies under investigation: random copolymer (RA), lamellar block copolymer (LA), and homopolymer (HO). All three
morphologies have the same number of ion pairs (1600). The detailed mapping scheme is shown in Figure S2, Supporting Information.

Figure 2. Comparison of the density profiles between coarse-grained and atomistic structures before and after reverse mapping.

Figure 3. Ideal ionic conductivity (σNE): it has to be mentioned here that a scale factor of 3
2
has been applied to the anion diffusion coefficient

DPF6
−,23 with the aim of making fair comparison between two-dimensional diffusion coefficient (LA) and three-dimensional diffusion coefficients

(HO and RA) when calculating conductivity based on eq 1 (a); radial distribution functions g(r) (solid lines) and the coordination number n(r)
(dash lines) for HO, LA, and RA: it also needs to be mentioned here that the calculated RDF for LA only considers the PBvIm-rich domain (b).
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provide some essential details of all three steps. In a separate
publication, we plan to present a more detailed description of
the multiscale simulation approach and its application to the
simulation of other morphologies of polyIL-BCPs.
In Figure 2, we present results for the local density profile of

the ions in the different morphologies derived through the
coarse-graining and reverse mapping procedure. It can be seen
that RA has the lowest local ion concentration (the total
number of ion pairs were kept the same in the three different
systems), a feature arising from the increased separation of
cations in the polymer backbone by the nonconductive MMA
monomers. In the case of LA, we observe that the anion
concentration profile tracks the corresponding cation profiles
and that, in the center of the lamella, the density of ions is
close to the bulk conditions corresponding to that of the
homopolymers.
To quantify the ion transport properties, we calculated the

ideal, Nernst−Einstein ionic conductivities (σNE) as

σ = +
β

+ + − −
N

V k T
q D q D( )NE

pair

B
PBvIm
2

PBvIm PF
2

PF
6 6

(1)

where Npair is the total number of ion pairs, Vβ is the volume of
the simulation box for β = {RA, LA, or HO}, kB is the
Boltzmann constant, qPBvIm

+ and qPF6
− are the charges for cation

and anion, DPBvIm
+ and DPF6

− are the diffusion coefficients for
cation and anion (the mean-squared displacements and their

fits can be found in SI, section S2), respectively. In the time
scale of our simulations, the polycations did not exhibit
appreciable mobility to extract a diffusivity, and hence, we
neglected the contribution of the mobility of polycations to
σNE.
In Figure 3a we present the results for σNE as a function of

morphology. We observe that σNE increases in the order RA to
LA to HO, which is in qualitative agreement with observations
from experiments.6 More explicitly, an one-half reduction in
σNE can be observed in transitioning from HO to LA, and an
order of magnitude reduction in σNE in transitioning from LA
compared to RA.
To rationalize the above observations, we recall that our

previous work18,19 demonstrated that anion transport in
polyILs (HO) involves a process of hopping through a series
of association−dissociation events involving associations with
four cations from two different polymer chains. In such a
context, the mobilities of the anions were demonstrated to be
directly related to the time scale of such association−
dissociation events. Further, the time scale for such hopping
processes were shown to be correlated to the strength of
interactions between the anions and the cations.24

To identify the mechanisms underlying the results in Figure
3a, we probed the influence of morphology and polymer
sequence on the anion−cation interactions by calculating the
radial distribution functions g(r) (RDF, the method of the
calculation of domain specific RDF can be found in SI, section

Figure 4. Probability that a given anion is associated with the number of polymer chains P(N) (a) and with number of cations P(n) (b), the
corresponding association probability of the subgroups, namely, anion in the bulk region (LABK) and anion near the interface (LAIF), is shown in
(c).
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S3) as well as the coordination number n(r), and the results
are displayed in Figure 3b. It can be seen there that the peak in
the RDFs follow the order RA > LA > HO. Such trends can
broadly be understood as a consequence of the local
environment driving the interactions between the cations and
anions. Indeed, in the case of RA, the local environment of the
polycations is punctuated by the presence of nonconductive
MMA monomers. Hence, the usually delocalized interactions
between the anions and the cations are strengthened due to the
lower concentration of polycations. In a similar manner, the
interfacial region of the LA (cf. Figure 2) represents a mixture
of the polycations and MMA monomers and is, hence,
expected to lead to stronger anion−cation interactions, thereby
influencing the domain-averaged RDF.
While the above results for g(r) and n(r) hints, at a simplistic

level, to possible differences in cation−anion interactions in
LA, RA, and HO systems, it does not address the influence, if
any, of the morphology on the coordination characteristics and
the mechanism of ion transport in multicomponent polyILs.
To provide insights into such issues, we probed the cation−
anion coordination characteristics and ion transport mecha-
nisms in the three classes of polyILs. In Figure 4 we display
P(N) and P(n), respectively, quantifying the probability of
association of an anion (PF6

−) with N polymer chains and n
cations (deduced based on ions located in the first
coordination shell, the cutoff distance is 0.65 nm, cf. SI
section S4). Figure 4a identifies that in all three systems (HO,
LA and RA), an anion exhibits an association state with
maximal probability at two polymer chains. Such a result is in
agreement with the results of our previous studies for HO
systems.18,19,25 In contrast, Figure 4b highlights distinct
differences in ionic association behavior among the three
systems. Specifically, for HO systems, our results are consistent
with our earlier studies and demonstrate a peak at n = 4. In
contrast, the P(n) distribution for RA has a main peak located
at n = 3. For LA, we observe a broad distribution with
comparable probabilities for n = 3 and n = 4. To understand
the results for LA, in Figure 4(c) we display P(n) specifically
for the IF (interface) and BK (bulk) zones in PBvIm-rich
domain of LA (cf. SI section S5 for a description of the manner
in these zones were identified) and compare with the
distributions noted for RA and HO. It can be seen that the
distribution for LAIF has the same maximum peak (at n = 3) as
that of RA, whereas the results for LABK aligns closely with that
of HO. Such results suggest that the P(n) noted for LA (Figure

4b) arises from a combination of (i) the frustrated
coordination of anions near the interface of LA, which
resembles the association characteristics in RA, and (ii) the
normal coordination of anions in the bulk region of LA, which
resembles the association features of HO.
The above results demonstrate that the morphology of self-

assembly (LA) and chain architecture (RA) frustrates cation−
anion coordination characteristics in polyIL systems. What is
the influence of such modified coordination characteristics on
ion transport? To address this question, we probed the modes
of ion transport when they are associated with the polymer
chains and classified them into two categories (Figure 5a): (i)
intramolecular and (ii) intermolecular association events (the
determination of these hopping events are described in SI
section S6). It is observed that, while the number of
intermolecular association events are comparable for three
systems, the number of intramolecular hopping events exhibit
very different characteristics. Explicitly, in agreement with our
earlier results,18 it can be seen that the intramolecular hopping
events dominate the ion transport mechanism in HO. In
contrast, for RA, the number to the intramolecular events are
seen to be very few and comparable to the intermolecular
hopping events. In comparing LA and HO, we observe a
slightly lower extent of intramolecular hopping events in the
LA, a trend that can be rationalized by again viewing the
features in LA as a combination of the interfacial characteristics
that resemble RA systems and the bulk characteristics that
resemble HO systems.
Finally, to demonstrate the influence of the above

coordination distributions and hopping characteristics on the
dynamics of the anions, in Figure 5b, we display the ion-
association relaxation time τc as a function of morphology (the
calculation of τc as well as the average lifetime of ion-
association pair, τs, can be found in SI, section S7). It can be
seen that τc decreases in the order RA to LA to HO. More
explicitly, τc for HO is three times faster than that for LA, and
an order of magnitude enlargement in τc in transitioning from
LA compared to RA. Such trends are in quantitative agreement
to that of σNE (a result shown quantitatively in the inset of
Figure 5b).
The results in Figures 3b−5 suggest a novel picture of the

influence of chain architecture, morphology on ion transport in
polyIL-BCPs. Specifically, the results of Figures 3b and 4
demonstrate that both RA and the interfacial zones of the BCP
are characterized by stronger and frustrated anion−cation

Figure 5. Average hopping events of a given PF6
− in unit time period (a) and the ion-association relaxation time τc (b); inset to (b) displays the

results for conductivity as a function of inverse τc.
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interactions relative to a HO system. The disordered RA
system can be qualitatively pictured as one that contains a
significant extent of interfacial zones distributed throughout
the system and, hence, exhibits a much stronger (and more
frustrated) anion−cation coordination characteristic compared
to LA and HO. The presence of MMA monomers, either
arising as a consequence of architecture (RA) or as a result of
the interfacial region (LA), is seen to impact the cation−anion
coordinations (Figure 4b) and, thereby, the mechanism of ion
transport (Figure 5). Specifically, the number of intramolecular
hopping events in RA and LA is reduced relative to the HO
systems. As a consequence, the anion mobilities (which are
proportional to the total number of hopping events) becomes
(i) significantly reduced for RA and (ii) reduced (but to a
lesser extent than RA) in LA. Correspondingly, the ion-
association relaxation times become increased, leading to lower
ion mobilities. We propose that such mechanisms underlie the
conductivity results depicted in Figure 3a.
In summary, the results presented in this letter demonstrate

novel features accompanying ion transport in multicomponent
polyIL systems. The ion mobilities and the ideal conductivities
were found to follow the order HO > LA > RA. Such results
were rationalized at a simplistic level by invoking the strength
of cation−anion coordinations, which were shown to be
influenced by the presence of the nonconducting monomers. A
more detailed analysis of the coordination and hopping
mechanisms revealed that the interfacial zone of the LA (and
the bulk regions of RA) was characterized by frustrated
coordination behavior, which led to reduced intramolecular
hopping and lower anion mobilities. Such results suggest that
microphase separation influences ion transport in polyIL-BCPs
through mechanisms that are significantly different from those
identified for salt-doped (neutral) polymer systems.12−15
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