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ABSTRACT: Recent experiments have demonstrated that poly-
meric ionic liquids that share the same cation and anion but
possess different architectures can exhibit markedly different
conductivity and transference number characteristics when doped
with lithium salt. In this study, we used atomistic molecular
simulations on polymer chemistries inspired by the experiments to
probe the mechanistic origins underlying the competition between
conductivity and transference numbers. Our results indicate that
the architecture of the polycationic ionic liquid plays a subtle but
crucial role in modulating the anion−cation interactions, especially
their dynamical coordination characteristics. Chemistries leading to
longer-lived anion−cation coordinations relative to lithium−anion
coordinations lead to lower conductivities and higher transference numbers. Our results suggest that higher conductivities are
accompanied by lower transference numbers and vice versa, revealing that alternative approaches may need to be considered to
break this trade-off in salt-doped polyILs.

Polymeric ionic liquids (polyILs) are charged macro-
molecules consisting of monomeric ionic liquids (ILs)

as repeating units.1−3 Such materials not only inherit the
unique physicochemical characteristics from their correspond-
ing ILs, but also exhibit desirable mechanical properties
representative of polymers.4,5 As a result, polyILs have
garnered significant interest in the pursuit of safe and
conductive electrolytes for energy storage applications.6−8

In an effort to transition polyILs toward lithium ion
batteries, attention has turned toward the properties of lithium
salt-doped polyILs.6,9−11 In salt-doped monomeric ILs, it has
been generally observed that the diffusivity of all ions (lithium,
IL anions, and IL cations) and the overall conductivity
decrease with an increase in lithium salt concentration, cLi.

12−15

This has been revealed to be a consequence of the increased
viscosity arising from the formation of lithium−anion
clusters.16−20 In contrast, in salt-doped polyILs, recent work
b y F o r s y t h a n d c o - w o r k e r s o n ( p o l y -
(diallyldimethylammonium) bis(fluorosulfonyl)imide (PDAD-
MA-FSI)) showed that the diffusivity of mobile ions and the
overall conductivity increase with increasing cLi up to mole
ratio 2:1 (number of cations to lithium ions).10 Other studies
have also demonstrated similar conductivity characteristics for
salt-doped polyIL systems, leading to increasing interest in
such materials.21−25

While conductivity and mechanical characteristics have been
a significant focus of research on electrolytes, transference
numbers, especially that of lithium ions, is now recognized as
being an equally important property for applications.26−31 The

latter, defined as the fraction of current carried by lithium
relative to the total current, has been suggested to play an
important role in influencing the charging rate of the battery,32

concentration polarization effects,33,34 and dendrite formation
on electrodes.35 Experimental and computational studies have
demonstrated that salt-doped monomeric ILs generally exhibit
negative transference numbers over a range of salt concen-
trations.36−39 This undesirable feature has been rationalized to
be a result of the formation of anion-rich lithium clusters which
migrate as an aggregate under an external field, leading to the
observed “negative” lithium current.40,41 Based on such a
picture, a number of recent studies have demonstrated that use
of Li-coordinating additives which reduce the Li-anion
coordinations can be used as a strategy to invert the sign of
the transference numbers in such systems.42−45

Salt-doped poly cationic ILs represent systems in which the
anions are expected to coordinate to the less mobile polymer
backbone and hence represent an alternative approach to
release (partially) the lithium−anion coordinations and
thereby influence the lithium transference numbers. However,
in contrast to salt-doped monomeric ILs, there is still a lack of
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clarity on the influence of the physicochemical characteristics
of the polyILs on the conductivities and transference numbers
in salt-doped polyILs. For example, the study by Forsyth and
co-workers reported transference numbers to be positive
(around 0.5, based on the Bruce−Vincent and Watanabe
method46) and increased with salt concentrations (at lower salt
concentrations).10 In contrast, a recent work by Elabd and co-
workers in the context of the salt-doped styrene-based
poly(vinylbenzylmethylimidazolium) bis(trifluoromethane-
sulfonyl)imide (S-b-[VBMIM][TFSI]) copolymer47 observed
negative transference numbers (based on the Newman−
Balsara method48) which decreased with increasing salt

concentrations. Interestingly, significant differences in con-
ductivity values were also noted between the two exper-
imentally probed systems. For instance, at T = 80 °C and cLi =
0.5, the log σ (S · cm−1) was −6.46 in Forsyth’s work,10

whereas it was −3.27 in Elabd’s work.47

This study is inspired by the above-discussed experiments
and seeks to understand the origins of the differences in the
conductivities and the signs of transference numbers reported.
Interestingly, the two experimentally probed polyILs are very
similar in chemical nature (cf. Figure 1a) and share the same
cation and anion of the IL. Hence, we hypothesize that the
property differences likely arise from the location of the

Figure 1. (a) The experimentally probed systems that show negative tLi (salt-doped S-b-[VBMIM][TFSI] from Elabd’s work47) and positive tLi (salt-
doped [PDADMA][FSI] from Forsyth’s work10). (b) An illustration of chemical details of the polyILs PVBMIM and PBVIM systems with anion
TFSI− and lithium ion probed in our simulations.

Figure 2. Anion and lithium ion mobilities for (a) PVBMIM and (b) PBVIM systems (under the polymer-centric reference frame). (c) True
conductivity, σ, and (d) lithium ion transference numbers, tLi, for PVBMIM and PBVIM systems.
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cationic group relative to the polymer backbone. While some
studies have probed the influence of polymer architecture on
the morphology and transport in single-ion conductors,49−52

there is less clarity on the role of the added salt and the
influence upon lithium transference numbers. Through our
investigation, we hope to shed light on the role of polymer
architecture on ion transport properties and address whether
simultaneously high conductivities and positive transference
numbers can be achieved in salt-doped polyILs.
Toward the above objectives, we used atomistic molecular

dynamics simulations in conjunction with a combination of
equilibrium and nonequilibrium methodologies to study the
conductivities, transference numbers, and structural, dynamical
origins in two systems depicted in Figure 1b, whose chemical
structures are inspired by the experimentally probed systems
(cf. Figure 1a). We use the terminology PVBMIM and PBVIM
to refer to the two simulated systems.
All simulations are conducted at 600 K to have faster

dynamics and better statistics. This temperature is expected to
be above the glass transition temperature, Tg, of the probed
systems. We note that the experimental measurements of
conductivity and transference number were also conducted at
temperatures above Tg.

10,47 More detailed information on the
force field parameters (nonpolarizable force field with scaled
partial charges53) and the methodology of atomistic simu-
lations is presented in SI Section S1.54,55 We used the
framework of nonequilibrium simulations under an external
electric field (detailed in our earlier studies54,55) to probe the
ionic mobilities μi (i ∈ (TFSI−, Li+)). The fitting of the ionic
mobility μ is shown in SI Section S2. As discussed earlier,
experiments have used different methods for quantifying the
transference number, and recent work has raised questions
about the appropriate reference frame of simulations to
compare with experiments.27,56,57 In this context, we note
that recent experiments have shown that the diffusivity of
polyILs scales as N−2,58 where N represents the number of
units in the polymer. In the limit of large N (representative of
experiments), the mobility of the polycation is expected to be
small relative to the other units, and hence we adopt a
polymer-centric frame of reference for analysis of our
simulation results.30 In such a framework, only the mobilities
of the anion TFSI− and lithium contribute to the conductivity
(the results for the center of mass reference frame are
discussed in SI Section S3). The overall true conductivity σ is
given as

= F z c
i

i i i
(1)

where F is the Faraday constant, zi is the effective charge, ci is
the concentration, and μi is the ionic mobility of ion i. The
lithium ion transference number, tLi, can be calculated from the
ionic mobilities:

=t
c

c cLi
Li Li

Li Li TFSI TFSI (2)

We begin the discussion with the results of ionic mobilities
for the anion and lithium in Figures 2a. It can be seen that in
PVBMIM systems, the ionic mobilities for both anion and
lithium ions are negative. It is to be expected that the ionic
mobility for anions is negative under an external electric field.
However, the negative mobility values for lithium ions indicate
that they are moving toward the wrong direction, suggesting
correlated motion between lithium and anions. In contrast, for
PBVIM systems (Figure 2b), it is seen that the ionic mobility
for lithium ion is positive but much smaller in magnitude
compared to PVBMIM systems. Further, it can be seen that
the magnitude of ionic mobilities for PVBMIM systems
decreases with an increase in salt concentration. In contrast,
anionic mobility in PBVIM systems is seen to have a weak
dependence on salt concentration, while the lithium ion
mobility exhibits a slight increase at higher salt concentrations.
In Figures 2c and d, we compare the salt concentration

dependence of the total conductivity, σ, and lithium trans-
ference number, tLi, of the PVBMIM and PBVIM systems.
Similar to the results observed for the anion and lithium
mobilities, we observe that the conductivity decreases with salt
concentration in the PVBMIM system but increases with salt
loading in the PBVIM system. Further, in qualitative accord
with the experimental findings,10,47 we also observe that the
conductivity of PVBMIM systems are an order of magnitude
higher than those in PBVIM systems. In comparing the
transference numbers of lithium, we observe that (in
agreement with experiments) tLi for PVBMIM systems are
negative and decrease with cLi.

10,47 In contrast, tLi of PBVIM
systems are positive and increase with cLi. We do note that the
absolute magnitudes of the transference numbers observed in
our simulations are lower than those seen in experiments. We
speculate that such differences arise from the much higher
temperatures (600 K) employed in our studies relative to the

Figure 3. Radial distribution functions g(r) for (a) anion−cation (TFSI−−imidazolium+) and (b) lithium−anion (Li+−TFSI−). The solid and
dashed lines are for PVBMIM and PBVIM systems, respectively. The center of mass of each functional group is adopted for the analysis.
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experiments or the different methodologies underlying the
transference number measurements in experiments.
Having established qualitative agreement between our

simulation results and the experimental observations, we now
turn to probe the mechanisms underlying the differences
between the PVBMIM and PBVIM systems. Our earlier
studies have examined the structural features of salt-doped
PBVIM systems59,60 and demonstrated the formation of
cation−anion−lithium−anion−cation cocoordinations, which
replace the cation−anion−cation coordinations in pure
polyILs. Such cocoordinations were shown to speed up the
polymer segmental dynamics, and as a result, the dynamics of
cocoordinated anions and lithium ions. Such results were
shown to explain the salt concentration dependencies of anion
and lithium mobilities in PBVIM systems.59,60 In SI Section S4,
we demonstrate that for the salt concentrations probed here,
the lithium ions in both PVBMIM and PBVIM systems exist
almost entirely (more than 96%) in such cocoordinated
structures. Hence, we focus on the movement of such
cocoordinated ions to understand the origin of the results in
Figure 2.
From the tLi results displayed above in Figure 2d, one may

hypothesize that the transference number, tLi, is a result of the
competition of the anion−cation and lithium−anion inter-
actions underlying the above-discussed cocoordinations.
Specifically, if the anions can easily dissociate from the cations,
then the lithium ions can move cooperatively with multiple
anions in a manner similar to the vehicular motion noted in
monomeric ionic liquids (ILs). In such a case, a negative tLi
value can be expected. In contrast, if the anions cannot easily

dissociate from cations or, alternatively, if lithium can
dissociate more easily from the anions, a positive tLi manifests.
To unravel the above competition between anion−cation

and anion−lithium interactions, the radial distribution
functions g(r) were calculated, and are shown in Figures 3a
and 3b (the complete results of g(r) are shown in SI Section
S5). It can be seen from Figure 3a that at a specified cLi, the
anion−cation interactions in PVBMIM system are comparable,
but slightly larger than in the PBVIM system. Similarly, the
lithium−anion interactions at certain cLi in the PVBMIM
system (cf. Figure 3b) are also stronger than those in the
PBVIM system.
The above results indicate that while g(r) by itself displays

differences between the two systems, the hypothesized
competition between anion−cation and lithium−anion inter-
actions is not borne out in our results, and instead we observe
that the PVBMIM system exhibits stronger interactions on
both fronts. Moreover, the differences in g(r) are also seen to
be not substantial enough to explain the significant differences
noted in the conductivities and transference numbers.
The g(r) results discussed above can be understood by

noting that a unique feature of the systems considered in our
study is that the cation and the anion are identical among the
two systems and only differ in the architecture of the polyILs.
However, despite the similarity in interaction characteristics,
since the cations are located closer to the polymer backbone in
PBVIM systems, the cations are expected to be less mobile,
and the anions which are coordinated with the cations are
expected to exhibit longer association lifetimes.61 In contrast,
since the cations are farther from the polymer backbone in the
PVBMIM system, the anions are expected to exhibit shorter

Figure 4. (a) The anion−cation intermittent association lifetimes, τcac. (b) The ratio of the ion pair relaxation time scales of lithium−anion (τcla) to
anion−cation (τcac). (c) The fraction of lithium ions executing vehicular motion.
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association lifetimes and be more mobile. So, we turn to an
analysis of the differences in the dynamical aspects of
coordination of anion−cation and anion−lithium ion pairs.
The results for the anion−cation association lifetimes τcac

(the detailed information for the analysis and fitting of τc can
be found in SI Section S6) displayed in Figure 4a confirm our
hypothesis and indeed display longer association times in
PBVIM systems compared to PVBMIM systems. Such stronger
(dynamical) anion−cation coordinations in PBVIM systems
will facilitate the lithium ions to more easily get rid of the
anion solvation shell. In contrast, since the anions are
coordinated more weakly (dynamically) to the cations in the
PVBMIM system, the lithium ions are expected to more likely
move with their surrounding anions in the solvation shell. To
prove this hypothesis, in Figure 4b we present results for the
ratio of lithium−anion (τcla) to that of the anion−cation
association time scale (τcac). From the results displayed, it can
be seen that τcla/τcac is about 0.87−0.98 in the PVBMIM system,
which is much higher than that in the PBVIM system (0.38−
0.44).
The above results explain the differences in the transference

numbers noted between the PVBMIM and PBVIM systems.
Indeed, based on a comparison of the lithium−anion and
anion−cation association time scales, we expect the lithium
ions in PVBMIM systems more likely to exhibit a vehicular
motion with the anions present in its solvation shell. Such
vehicular motion leads to a lower and negative transference
number due to the effective charge of such “clusters.” In
contrast, the anions in PBVIM systems prefer to stay much
longer with the cation rather than move with the lithium ions
and lead to positive and higher lithium ion transference
numbers. We provide a direct validation of this proposal by
quantifying the lithium’s vehicular motion in PVBMIM and
PBVIM systems. Toward this objective, we define lithium ions
as effecting vehicular motion if they travel continuously with at
least two anions (to present a negative tLi) for a distance of the
size of TFSI anion (5 Å). In Figure 4c, we present results for
the average fraction of lithium ions exhibiting such vehicular
motion, wherein we see that the fraction of such lithium in the
PVBMIM system is around 0.4, whereas, in PBVIM, the
fraction is closer to 0.25.
We note that the above results also serve to rationalize the

other differences noted between the PBVIM and PVBMIM
systems. More explicitly, the longer cation−anion association
times observed in PBVIM systems are expected to lead to a
lower mobility of the anions, and as a consequence, of the
cocoordinated lithium ions. Hence, the conductivities of the
PBVIM systems are observed to be lower than that of the
PVBMIM systems. Further, as discussed in the study by
Forsyth and co-workers10 and our earlier work,59 the increase
in anion and lithium mobilities with salt concentrations in
PBVIM systems arise from the influence of cation−anion−
lithium cocoordinations in breaking the direct cation−anion−
cation coordinations. We demonstrated that such physics leads
to lithium ions displaying a larger increase (compared to
anions) as a function of cLi as observed in Figure 2b. Such
results explain the increase in the lithium ion transference
numbers as a function of salt loading observed in Figure 2d. In
contrast, since the anions are only weakly (dynamically)
coordinated with the cations in the PVBMIM system, the
cocoordinations induced by lithium ions exert only a weak
influence on the polymer segmental dynamics (cf. SI Section
S7). As a result, the anion mobilities are slowed significantly

with the addition of salt as seen in Figure 2a (see SI Section S8
for a more elaborate explanation in terms of the different types
of anions and their dynamics as classified in our previous
work59). Hence, the lithium ion transference numbers increase
in magnitude (but decrease in absolute value) with an increase
in cLi.
To summarize, our above results clarify the subtle influence

of polymer architecture in explaining the origin of the
differences in the conductivities and transference numbers
noted between the PBVIM and PVBMIM systems. Explicitly,
PVBMIM systems are characterized by the cation being farther
from the backbone. Hence, the anion−cation coordinations
exhibit shorter lifetimes, leading to faster anion (and lithium)
mobilities and higher conductivities. Correspondingly, the
lithium−anion coordinations exhibit relatively longer lifetimes
and result in a greater fraction of lithium exhibiting vehicular
motion with its anion solvation shell. Moreover, the influence
of cation−anion−lithium−anion−cation cocoordinations is
much more mitigated, and the addition of salt reduces the
mobility of the anions. Such effects lead to negative
transference numbers, which decrease with addition of salt.
In contrast, in PBVIM systems, the cations are closer to the
backbone. Hence, such systems are characterized by anion−
cation coordinations with longer lifetimes, which lead to slower
anion (and lithium) mobilities, lower conductivities, and a
smaller fraction of lithium exhibiting vehicular motion with its
anion solvation shell. Moreover, addition of salt leads to
cation−anion−lithium−anion−cation cocoordinations, which
speed up the polymer dynamics and the mobilities of the
anions and lithiums. The latter leads to the positive
transference numbers which increase with addition of salt
but lower conductivities.
In conclusion, our results serve to highlight that the

competition between the anion−cation and anion−lithium
association lifetimes is influenced by the architecture of the
polyIL. Facilitating higher conductivities requires weakening
the anion−cation coordinations but leads to a negative impact
on the transference numbers. Overall, our results suggest the
existence of a trade-off between conductivities and transference
numbers in salt-doped polyILs, which may either require
strategies similar to those explored in the context of
monomeric ILs and/or an exploration of other chemis-
tries.42−44
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