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ABSTRACT: We performed long-time all-atom molecular dynamics simulations of
cationic polymerized ionic liquids with eight mobile counterions, systematically varying N
size and shape to probe their influence on the decoupling of conductivity from polymer
segmental dynamics. We demonstrated rigorous identification of the dilatometric glass-
transition temperature (T,) for polymerized ionic liquids using an all-atom force field.
Polymer segmental relaxation rates are presumed to be consistent for different
materials at the same glass-transition-normalized temperature (Tg/ T), allowing us to
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extract a relative order of decoupling by examining conductivity at the same Tg/ T. Size, 1. Same 2.Higher  3.More
or ionic volume, cannot fully explain decoupling trends, but within certain geometric g;ﬂ?ﬂﬁ?::' Conductivity  Decoupled
and chemical-specific classes, small ions generally show a higher degree of decoupling. /T

This size effect is not universal and appears to be overcome when structural results

reveal substantial coordination delocalization. We also reveal a universal inverse

correlation between ion-association structural relaxation time and absolute conductivity for these polymerized ionic liquids,
supporting the ion-hopping interpretation of ion mobility in polymerized ionic liquids.

P olymerized ionic liquids (polyILs) have attracted sig-
nificant attention in the pursuit of polymer electrolytes
possessing an optimal combination of mechanical strength,
conductivity, and transference number.' > PolyILs, which are
macromolecules carrying ionic liquid species as repeat units,
combine the attractive properties of ionic liquids (ILs) with
the improved mechanical properties and architectural richness
of polymeric materials. Moreover, unlike other classes of single
ion conductors, polyILs typically possess lower glass-transition
temperatures (Tgs) even at high charge densities due to the
weaker electrostatic ion-pair interactions characteristic in
ILs. >

A number of experimental and simulation studies have
probed the dynamical properties of ILs and have identified the
molecular parameters underlying such characteristics. For
instance, the diffusion coefficient of the ions has been found
to decrease with increasing size, decreasin§ conformational
flexibility, and reduced symmetry of the ions.”~® Other studies
have demonstrated that the magnitude and directionality of the
interaction energy of the ion pairs plays an important role in
determining the transport properties.5’9_ll Recently, Maginn
and co-workers considered the dynamical properties of a wide
variety of ionic liquids and demonstrated that the diffusivities
of the ions obeys a universal correlation to the inverse of ion
pair/ cage time scales.?

In contrast to the status above in the context of ILs, a
comparable understanding of the dynamical properties of
polylLs does not exist. Among the different observations
reported in polylLs, significant interest has arisen in a specific
finding termed as “decoupling” between ionic conductivity and
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glass transition or segmental dynamics in polylLs. Explicitly,
such a terminology has been used to refer to the property in
which the dc conductivity of the polyIL exceeds that of its IL
counterpart at their respective calorimetric T,."*~'” Motivated
by such experimental observations, in a recent series of studies,
we examined the mechanisms underlying ion transport in
polylLs."®*°7>* We demonstrated that the anions exhibited a
delocalized coordination involving multiple cations from
distinct polymer chains. Further, transport in polylLs was
shown to occur through a combination of intra- and
intermolecular ion hopping involving the formation and
breaking of ion associations between the anions and
polymerized cationic monomers bonded to different polymer
chains. Based on an analysis of the accompanying time scales,
we rationalized the phenomenon of “decoupling” as a
consequence of such ion hopping motion, which was distinct
from those observed in ILs.

Despite the insights arising from the studies described
above, a number of issues regarding the mechanisms and
conductivity properties of polylLs remain to be resolved.
Among these, there is still less clarity on the influence of the
physicochemical characteristics of the counterion on transport
properties. For instance, Ye and Elabd showed that ionic
conductivity of polylLs are influenced by both the size and
symmetry of the anion and the dissociation energy of the ion
pair.23 In a different study, Sangoro, Runt and co-workers
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Figure 1. PolyIL monomer (pBvIm") and the eight IL anions explored in this study. Molecular volumes collected from refs 32 and 33 (pBvIm*), 34
(TFSI” and TfO~, plus PO~ and PESI™ by group contribution), and 35 (AICI,, BF,, Br~, CI7).

investigated the influence of different counterions on ion
transport and observed that smaller sized counterions exhibit a
larger degree of decoupling.”* More recently, Winey and co-
workers chose a trisaminocyclopropenium (TAC) polycation,
which is “electron-rich with a highly delocalized charge,” to
promote ion hopping and demonstrated a 4—6 order-of-
magnitude increase in dc ionic conductivity of the polyIL over
the ionic liquid at their respective Tgs.19 Simmons and co-
workers followed with coarse-grained simulations that revealed
size-sensitivity and improved decoupling in percolated net-
works of ionic aggregates.”> Other studies have also considered
the influence of ion pair properties on the glass transition
temperature (Tg) of the polyIL. For instance, Colby and co-
workers suggested that the T, of polylLs exhibits a direct
correlation to the ion pair volumes of such materials.*®
Subsequent work by Sokolov and co-workers expanded such a
model to include the effects such as chain stiffness and
dielectric constant of the polymer.”’

Motivated by the developments in the context of ILs, in this
work we seek to shed light on the influence of the
physicochemical properties of the counterion on the ion
transport properties of polylLs. Specifically, we use atomistic
simulations to probe the transport properties of poly(1-butyl-
3-vinylimidazolium) (pBvIm*) with eight different anions:
tetrachloroaluminate (AICI,), tetrafluoroborate (BF,), Br,
CI, pentafluoroethyl sulfate (PfO~), bispentafluoroethylsulfo-
nylimide (PFSIT), trifluoromethyl sulfate (TfO~), and
bistrifluoromethylsulfonylimide (TFSI™). This list encom-
passes the bulk of computationally probed IL anions with
well-established inter- and intramolecular interaction parame-
ters.”* ™! Within such a group are subsets of spherically
symmetric and linear molecules spanning a wide range of sizes.
The linear ions can be further grouped into two canonical IL
chemical moieties, sulfates and sulfonylimides. By choosing a
variety of counterions with differing sizes, symmetries, and
chemical characteristics, we seek to identify the parameters
influencing the conductivity characteristics of polyILs and the
mechanisms underlying such properties. Figure 1 shows the
ions under investigation. Molecular volume values shown in
the figure were compiled from a number other sources, with
some results, specifically for some fluoronated ionic species
and the polyIL backbone atoms, being derived from group
contribution volume estimations.”*>*

All simulations in this work were performed using the
LAMMPS MD software package.’* The potential and
parameters chosen for this work originated from Jorgensen’s
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all-atom optimized potential for liquid simulations (OPLS-
AA).”” Our previous works'®***" borrowed and adapted
parameters from earlier studies of BmIm® cations and PFj
anions®®*” and incorporated new inter- and intramolecular
parameters for pBvIim® polycations. Parameter sets for the
anions used in this study were borrowed directly from earlier
works.>** %% All parameter sets and methods used in this
work can be found in the SI, Section S1.3 and Tables S1—S12.
We elected to incorporate polarization effects using vacuum-
phase partial charges, scaled by 0.8, with a nonpolarizable force
field. Partial charges for pBvIm™ were borrowed from an earlier
study,”® and were applied consistently for the eight anions. We
refer the reader to the SI, Section S1, for a complete discussion
on the simulation methodology. Further, we present results for
mean-squared displacement for the anions in the SI, Section
S3.1, and the methodology and supplementary results used to
determine T in the SI, Section S2.2. We restrict our results
herein to a comparison of polylL properties and defer the
results for ILs to the SI, Section S3.

In polylL systems, the mobility of the polymerized
counterions are expected to be small relative to the free
counterions. Hence, the ideal Nernst—Einstein conductivities
are expected to be proportional to the product of the
concentration of charge carriers and the diffusivity of the
nonpolymerized counterions. To render a comparison of the
transport properties of different polylIL systems, in Figure 2 we
display the results for the Nernst—Einstein conductivity as a
function of the inverse glass-transition-normalized temperature
(T,/T). Since we probed the same range of temperatures for
the different systems, the range of normalized temperatures do
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Figure 2. Nernst—Einstein conductivity of polyILs plotted against T,/
T, the inverse glass-transition-normalized temperature.
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not generally overlap. Based on the results displayed, at a
specified T,/ T, the following order is observed for the highest
to lowest ion mobilities in these polyILs: BF, < PfO™ < PFSI™
< Br™ < TfO™ < AICI,< TESI” < CI". Further, since the
polymeric backbone and the cation were maintained the same,
the differences in the ion mobilities at the same T,/T can be
construed also as a measure of the extent of decoupling
between ion mobility and segmental dynamics.

Are the ion mobilities/conductivities of different polyILs
correlated to the counterion size? As discussed previously in
this paper, a number of studies in the context of ILs and
polyILs have suggested that counterion size is a critical
parameter that influences ion mobilities.’”® Explicitly, in
accord with intuitive expectations, such studies have reported
that smaller ions are expected to have higher mobilities.”*
More recently, Simmons and co-workers reported that small
free ions exhibit an increased extent of decoupling from
polymer segmental dynamics.”> To probe whether our results
accord with such expectations, we display a histogram of three
distinct size measures in Figure 3, with ions organized from left
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Figure 3. Histogram showing various measures of ion size of the least-
to most-decoupled ions in this study (left to right). Empty bars
represent hypothetical spherical radii, computed from molecular
volumes reported in literature.*> > Solid-filled symbols show the
distance corresponding to the first maximum in g(r). Finally, the
pattern-filled symbols show the distance at which the average ionic
coordination number reaches 1.0.

to right by increasing magnitude of mobilities at a specified T,/
T, as deduced from Figure 2. The values from the open

symbols were derived from ion volumes reported by a variety
of experimental sources,”” > assuming a spherical shape.
Considering the potential impact of shape on coordination
behavior, two other coordination distances are also included in
the plot as a surrogate for the size of the ion. From the results
displayed, it is clearly seen that ion volume correlation, and
even coordination distances, are insufficient as unique
parameters to explain the ion mobilities in polyIL systems.

Are the ion mobilities correlated to the counterion size
within the specific ion classes? To address this question, we
classify the ions into three categories based on their
physiochemical characteristics, namely, spherically symmetric
ions (AICI,, BF,, Br7, Cl7), sulfates (PfO7, TfO"), and
sulfonylimides (PFSI~, TFSI™). We observe that the extent of
ion mobilities following order: (1) spherical ions: BF, < Br™ <
AlCI, < CI7, (2) sulfates: PfO™ < TfO~, and (3)
sulfonylimides: PFSI”™ < TESI™. With the exception of AICI,
in the spherical ion class, which is the largest spherical ion, but
has a higher ion mobility than both BF, and Br~, the rest of
the categories are indeed seen to exhibit a correlation between
the ion sizes and the magnitude of their mobilities.

To understand the origins underlying the results for AICI,,
we consider the cation—anion radial distribution functions
(g(r)) displayed in Figure 4a. Therein, it is seen that among
the spherical ions, AICL, (black line) exhibits a much weaker
extent of coordination with the cations, relative to the other
spherical anions” blue, green, and red lines. To substantiate
such results, we also display Figure 4b, the probability
distribution of the number of cations coordinated with the
anion. The reader can locate information on the methodology
for calculation and for the corresponding probabilities of the
number of polymers involved in such coordination in the SI,
Section S3.4. It is seen that, while BF,, Br™, and CI™ exhibit a
sharply peaked distribution at N, = 4, AICI, exhibits a much
broader distribution, with almost equal probability of
coordination with four and five cations. Such results confirm
the delocalized coordination exhibited by AICI, anion in
contrast to the other spherical anions.

Together, the above results indicate that within classes of
ions, which share the same physical or chemical characteristics,
ion sizes do indeed serve as a useful measure to identify the
relative values of ion mobilities. However, based on the results
for AICI, within the spherical class of ions, it is clear that such
a correlation is not necessarily sufficient to identify the order of
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Figure 4. (a) pBvIim'-anion radial distribution function (g(r)) for all ions in this study. (b) Ionic coordination number (N,) distribution for all

ions.
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ion mobilities. Indeed, it is seen that for AICI,, the delocalized
coordination between the anion and the cations is sufficient to
overcome the influence of size relative to BF, and Br™.
However, CI7, which exhibits the strongest peak in the
coordination with the cation, exhibits the fastest ion mobility, a
consequence of its size. With respect to the other classes of
ions (sulfates and sulfonylimides), we observe that, while there
are differences in the coordination behavior (Figure 4), such
differences are much less pronounced, thereby rationalizing the
stronger influence of the ion sizes on their mobilities.

Are there universal correlations underlying the transport
properties of different polyIL systems? As discussed earlier in
the paper, Maginn and co-workers have used molecular
dynamics simulations to quantify the Nernst—Einstein
conductivities and demonstrated that such transport properties
exhibit a universal correlation to the ion-pair/ion-cage
relaxation time (defined below) of the system.'” In our earlier
studies,"®*°** we studied ion mobilities in polyIL systems and
demonstrated that, due to the ion hopping nature of the
motion in such systems, the correlation between the ion
diffusivities and the ion pair lifetimes were different from the
functional form observed in the corresponding ionic liquid
systems. However, since all of our earlier studies pertained to
only the PF; anion, an interrogation of universality, if any, of
correlations in ion mobilities of polyILs and the corresponding
ion pair relaxation times could not be probed.

In the present study, we undertook an effort to probe
whether the Nernst—Einstein conductivities of polyIL systems
with different counterions exhibit a correlation with the ion-
pair association time scales. We adopt a structural
identification for ion-association and direct the reader to the
SI, Sections S2.2 and S$3.3, for discussion of the underlying
issues, procedure implemented, and results related to the
associated relaxation times. Briefly, the intermittent ion-
association autocorrelation function C(t) was defined as
follows:

(h(to)h(ty + 1))
(h) (1)

where h(t) takes a value of one if a pair of ions is associated
and zero otherwise.'®***' In essence, C(t) represents the
probability of two ions being associated at time ¢, given that
they were associated at time f = 0. We smooth the result by
fitting a stretched exponential of the form

C(t) =

t)”
C(t) = a, exp —[—)
% (2)
with the time scale for relaxation taking the form
1
Tc = aoalr[l + —]
a (3)

Such a time scale quantifies the rate at which the ions enter
and exit the local coordination environment, that is, ion
hopping, and is expected to be influenced by the size,
symmetry, and the charge delocalization of the ions."?

In Figure 5, we display the time scale 7. as a function of T,/
T for the different polyILs. In comparing the results for the
conductivity and 7., we observe that the trends are very
similar. Explicitly, among the spherical ions, Cl™ is seen to
exhibit the smallest relaxation times and the order of relaxation
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Figure S. Figure change: PfO changed from maroon to brown. Ion-
association structural relaxation time (z.) of polyILs plotted against
Tg/ T, the inverse glass-transition-normalized temperature.

times (BF, > Br~ > AICI, > CI”) mirror the results seen for
the conductivities. Similarly, the relaxation times within the
other classes of ions are also in accord with the order seen in
the Nernst—Einstein conductivities.

Inspired by the correlation demonstrated between the
conductivties and the ion pair lifetime for ILs,"” we display
the conductivities as a function of 7 (Figure 6), wherein it is

T T T
. [ ]
L]
1OO_ - [ ] -
L] L}
—_~ [
£ n
4 " =
175 LI
g
uz.:lo 3 E
b | ] L]
Br Cl TfO
E AlC1 BF
107k 4 4 . 5
10' 10° 10°
T, (ns)

Figure 6. Nernst—Einstein conductivity vs ion-association structural
relaxation time (7o) of polylLs to demonstrate a universal
relationship.

seen that these quantities indeed exhibit a universal correlation
for different polyIL systems. Such a result is remarkable
considering the different classes of polyIL systems considered
and the differences noted in terms of their size and charge
delocalization characteristics. Moreover, considering that a
similar universal correlation also holds in ILs, this result
suggests that consideration of the factors influencing mobilities
in ILs would serve to provide an indication of the trends
expected in polyILs.

In summary, the results of the atomistic MD simulations
presented in this article support findings from earlier
simulation and experimental studies, while also uncovering
new insights on local structure and ion hopping in polyILs.
Our results reinforce ion size as a key influence on conductivity
within the respective physicochemical ion classes of polylLs,
while noting that large ions with delocalized charge can
outperform some smaller ions. Despite such complex effects,
our results indicated that the conductivities of the different
systems exhibit a universal correlation to the ion-association
structural relaxation time of the polyILs. Further studies should
seek to expand the scope of these findings, and elucidate a
more detailed understanding of the amalgamated influences of
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ion and polymer chemistry, T, polymer segmental dynamics,
and ion hopping frequency on ion mobility in polyILs.
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