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ABSTRACT: We present multiscale molecular dynamics simulation 4.0 0.05 Hiaher transference number

results comparing the conductivity and transference numbers in \i EICZJZLLcoPoI " gwith nanoconfinement

lithium salt-doped polymeric ionic liquids (PolyILs) and the lamellar . -s2} Y 0.00f

phases of block copolymeric ionic liquids (coPolylLs). In both g

systems, the anion mobilities decreased with salt loading. Lithium aal 5 008

ions exhibited negative mobilities in both systems, but the %\ ' A =

magnitudes decreased with an increase in salt concentrations. More ‘8’7 O O

interestingly, the anion mobilities were lower in the lamellar systems — ~46r -0.10F

compared to homopolymers in magnitude, but the lithium ion D

mobilities and transference numbers were less negative in such _48Lu _ . I P . . . .
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systems. We examine the anion—cation and lithium—anion L L

interactions in terms of radial distribution functions, coordination

characteristics, and ion-pair relaxation timescales. Based on such analyses, we rationalize the salt concentration dependencies as a
result of the interfacial interactions in lamellar systems and the competition between anion—cation and lithium—anion interactions in
both PolyILs and coPolyILs. Overall, the findings presented in this study demonstrate that the modified anion—cation and lithium—
anion interactions in the microphase-separated coPolylLs may provide a strategy for realizing higher lithium ion transference

numbers relative to the homopolymeric counterparts.

1. INTRODUCTION

Polymeric ionic liquids (PolyILs), which consist of monomeric
ionic liquids (ILs) as the building block of macromolecules, are
a novel class of solid polymer electrolytes (SPEs) that have
shown promise in electrochemical energy applications.' ™ By
inheriting the unique physicochemical properties of ILs,*”
PolyILs exhibit several advantages in comparison with
conventional electrolyte materials,® such as enhanced chemical
stability, nonflammability, and nontoxicity.7 Hence, significant
interest has arisen in the properties of both pure PolyILs and
salt-doped PolyILs.*~"°

Ion transport mechanisms in homopolymeric PolylLs have
been the subject of a number of experimental”''~'* and
computational investigations.ls_21 In contrast to polymer
segmental dynamics assisted ion transport in neutral polymer
electrolytes,”” it has been demonstrated that ion transport in
PolyILs involves a series of association/dissociation events
involving multiple polycations from distinct polymer chains.'®
A number of more recent studies have also clarified the
influence of counterion identity,"”'”*>** molecular
weight,”*° polymer architecture, and so on on the ion
transport mechanisms in PolyILs.*

In comparison to the case of pure PolylLs, ion transport
mechanisms in salt-doped polylLs are less studied. Both
experimental’’ and computational’”** studies on salt-doped
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PolyILs have shown that the conductivity of PolyILs increases
with salt loading. This increase in conductivity was shown to
arise from the cation—anion—lithium—anion—cation coordina-
tions induced by the addition of lithium salt. Interestingly,
lithium, which is indirectly associated with the polymer chain,
was shown to exhibit a stronger dependence on the polymer
segmental dynamics relative to the anion that directly
associates with the polymer chain. A different experimental
study by Elabd and coworkers found a nonmonotonic
dependence of conductivity on salt loadings.”

In addition to the conductivity, transference numbers of
lithium ions, defined as the fraction of current carried by
lithium relative to the total current, are emerging as a critical
property for applications in polymer electrolytes.’>~**
Experimental and computational studies have demonstrated
that salt-doped monomeric ILs generally exhibit negative
transference numbers due to the formation of anion-rich
lithium clusters, which migrate as an aggregate under an
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external field.""~>* Reports of transference numbers in salt-
doped PolylLs have been more limited and have varied
between positive and negative values.”"** In a recent study,”
we demonstrated that the polymeric ionic liquids which share
the same cation and anion but possess different architectures
can exhibit markedly different conductivity and transference
numbers characteristics when doped with a lithium salt.
Systems possessing longer-lived anion—cation coordinations
(relative to anion—lithium coordination) were shown to
exhibit higher lithium ion transference numbers, albeit
occurring at the expense of the overall conductivity. In
contrast, systems exhibiting longer-lived anion—lithium coor-
dination exhibited lower transference numbers and higher
conductivities. Overall, our results demonstrated a trade-off
between conductivity and transference numbers in salt-doped
PolyILs.

Block copolymers of PolylLs (coPolylLs), which combine
PolyILs with a mechanically strong block, have been proposed
as materials which could bypass the typical trade-offs between
mechanical strength and conductivity of polymer electro-
lytes.”* A number of experimental studies have examined the
influence of the microphase-separated morphologies on the
ionic conductivity characteristics of coPolyILs.'""***™>” Qur
simulation results for such situations’*” have demonstrated
that microphase-separated coPolyILs exhibit stronger ion-pair
interactions in the interfacial region which increase the anion—
cation coordination timescales, and reduce the overall
conductivity. %"

The present study is motivated by the hypothesis that salt-
doped versions of microphase-separated coPolyILs may lead to
higher lithium transference numbers relative to homopolymer
PolyILs. Such a hypothesis is derived from the results of our
previous study (in the absence of salt) that coPolyILs display
increased anion—cation association timescales in the interfacial
region due to the accompanying modified ion-pair interactions.
In conjunction with the results of our recent study,”” which
showed (in homopolymer PolylLs) that systems possessing
long-lived anion—cation coordinations (relative to anion—
lithium coordination) exhibit higher lithium ion transference
numbers, we are led to the proposed hypothesis. Motivated by
such considerations, we compare the conductivity and
transference number characteristics of salt-doped lamella
coPolylLs to those of the corresponding homopolymer PolyILs
to validate our hypothesis.

A second motivation for this study is the results of the recent
work of Elabd and coworkers in which they observed that the
addition of lithium salt had a much more limited impact on the
conductivity of cylindrical coPolyILs relative to that of
homopolymeric PolylLs.** They speculated that such trends
arose from either the nanoconfinement effects induced by the
cylindrical phases or the effects of the grain boundaries.
However, within their experiments, they were unable to shed
light on the relative contributions of the two hypothesized
effects. In our work, we probe the salt concentration
dependence of the conductivities of aligned lamella phases of
coPolyILs to clarify specifically the influence of microphase
separation.

In order to address the above-discussed objectives, we
extended the multiscale simulation framework presented in our
earlier articles®®*”°"** to probe the conductivity and trans-
ference numbers in Li"TFSI™ salt-doped homopolymeric and
block copolymeric ionic liquids. We adopt a chemistry which
was used in Elabd’s recent work,>* in which the polystyrene
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block acts as the mechanically supportive domain and the
imidazolium-based block consisting of vinylbenzylmethylpyr-
rolidinium bis(trifluoromethylsulfonyl)imide
(VBMIM'TFSI") as the conductive domain for ion transport.
To facilitate an understanding of the influence of the
microphase separation, we also studied the corresponding
homopolymer systems.

The rest of this paper is organized as follows: in Section 2,
we describe the details of the multiscale simulation framework,
including the training (Section 2.1), and parameterizing
(Section 2.2) of coarse-grained force field, the construction
of microphase-separated morphology and the reverse mapping
simulation for recovering the atomistic details from their
coarse-grained counterparts (Section 2.3), the atomistic
simulation details (Section 2.4), and a description of the
quantification measures (Section 2.5). In Section 3, we discuss
the results of ionic mobilities, total conductivity, and lithium
transference number (Section 3.1), the distributions of anion
and lithium in lamellar phases (Section 3.2), and the dynamics
of anion and lithium as a function of salt concentration
(Section 3.3). We conclude with a brief summary of our
findings and the conclusions in Section 4.

2. SIMULATION METHODS

To perform the study of lithium salt-doped block coPolyILs, we
adapted the multiscale simulation framework presented in our earlier
studies.”®* In brief, the simulation methodology involves the
construction of a microphase-separated morphology at the coarse-
grained (CG) scale using Lennard—Jones potentials, followed by
recovery of the atomistic representation using the reverse mapping
method based on the adaptive resolution scheme. In the present
section, we present in brief the coarse-grained force field parameter-
ization, the essentials of reverse mapping, and a description of some of
the analyses affecting our systems.

2.1. Preparation of the Atomistic Training Target. There are
three components in the lithium salt-doped block coPolyILs: the
conductive block (PVBMIM), in which the vinylbenzylmethylpyrro-
lidinium bis(trifluoromethylsulfonyl)imide (VBMIm*TFSI™) acts as
the repeat unit of the PolylL and provides the mobile anion;** the
nonconductive block, which is chosen to be polystyrene (PS); and the
lithium salt with TFSI” as the counterion. In order to obtain the
coarse-grained force fields for the three components and the
elemental volume for each of the components, four atomistic systems
were built. Explicitly, a pure PVBMIM system was built with a
polymer chain length of 10 to extract the elemental volume for
VBMIm*TFSI™. For this purpose, 100 polymer chains and 1000
TESI™ ions were inserted into a cubic simulation box at a low packing
density. The salt-doped PVBMIM system was built by including 800
Li"TESI” ions beside the 100 polymer chains and 1000 TESI™ anions.
The nonconductive block system consisted of 100 PS chains with a
polymer chain length of 10. The pure Li*TFSI™ system contains 1000
ion pairs. All these four systems were packed using Packmol
software.*®

We use optimized potential for liquid simulations (OPLS-AA®*) to
describe the bonded and nonbonded interactions of the molecules
(the explicit force field parameters can be found in our recent
paper), as parameterized in the following

U(f’) = Ubond(r) + (]angle(g) + (]dihedra_l(¢) + Uvimproper(¢)

+ L]non—bonded(r) (1)

In eq 1, the harmonic function form was adopted for the first two
terms, the dihedral potential was modeled by the Ryckaert—Bellemans
function, and the periodical function form was utilized for the
improper torsion, as shown in
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1
Ubond(r) = Ekb(r - 70)2

(2a)

1
L]angle(e) = Eké(e - 00)2

(2b)

s
Udihedral(d’) = Z C,(cos(¢ — 2m))"

n=0
L]improper(qs) = k¢(1+COS(ﬂ¢¢ - ¢s))

where ky, and ky are the spring constants for bond and angle potentials,
ro and 6, are the equilibrium bond distance, and angle, C, are the
parameters for the Ryckaert—Bellemans function, k, is the energy
term, and n, is the multiplicity for the improper dihedral, respectively.
The nonbonded interactions were represented as

12 6 2
["iiJ 3 [Gii N 149
2
T T i 3)

The topologies and the parameters for the above-discussed force
field were obtained through the online server LigParGen (the
parameters for the imidazolium group have been revised).”> The
partial charges were optimized using Gaussian 16,°° and were
postprocessed by Multiwfn package.®” It has been demonstrated that
using the classic force field with scaled partial charges could provide
an accurate characterization of both the dynamical and structural
properties of the PolyILs in comparison with polarizable models.*®
Thus, a scale factor of 0.8 was applied to the optimized partial charges
to account for the polarizability effects.

Upon generating the loosely packed initial simulation box, a
multiple-step decompression scheme was applied to compress the
simulation box to a realistic density (more details regarding such a
scheme can be found in our previous studies®”). When the density
equilibrated, a further 10 ns equilibration under NPT ensemble and
an integration time step At of 1 fs was effected. For temperature and
pressure coupling, the v-rescale thermostat®” and Parrinello—Rahman
barostat’® were used with the corresponding coupling parameters 7
and 7p equal 1.0 ps, and the reference temperature and pressure were
set to 600 K and 1 atm, respectively. The cutoff for the nonbonded
interactions was set at 1.3 nm. Particle mesh method (PME)”" was
used to calculate electrostatic interactions. After the equilibration, a
20 ns production run was performed for collecting the target training
sets. All simulations in this target training section were performed
using Gromacs 2020.6.”>

After the production run, the elemental volume of each monomer
was calculated, and the results are listed in Table 1. To obtain the

(20)

(2d)

N N
(]nonfbonded(r) = z zf;} 46’7

ij>i

Table 1. Elemental Volume (per Molecule) Obtained from
Atomistic Simulation of Individual PVBMIm, PS, and
Lithium Salt Systems

species PVBMIM-TESI
v/nm*mole™! 0.61239

PS
0.20955

Li-TFSI
0.25467

training targets, the atomistic trajectory was converted to a coarse-
grained representation based on the predefined mapping scheme, as
shown in Figure 1. Explicitly, each PS unit was mapped onto two CG
beads, and each PVBMIM unit was mapped into three CG beads, and
the anion and lithium were mapped into a single CG bead. Then the
training targets in terms of radial distribution function g(r), bond
P(b), and angle P(0) distributions are extracted.

2.2. Coarse-Grained Force Field Parameterization. To
parameterize the coarse-grained force fields, the iterative Boltzmann
inversion (IBI) method was used.”” The training targets that are
obtained in the above section were translated to the corresponding
bond, angle, and nonbonded potentials through the Boltzmann
inversion (eq 4)

9752

U = —kzTln(G™¢) (4)
where U, is the potential for training variable v (bonded and
nonbonded), ky is the Boltzmann constant, T is the temperature, and
G\"®" is the training target from the above atomistic simulation. Using
the above-discussed potential U, as the initial guess for the iteration,
the coarse-grained potential is iteratively optimized using

n

UM = Ul + fkyTln

v
G (s)
where U™ and U! are the optimized potentials for the training
variable v at the (n + 1)th and nth steps, respectively, G| is the
corresponding distribution at the nth step, and f is a scale factor for
tuning the iterative step length. Through the iterative procedure, the
optimized distribution is converged to the training target and the
optimized coarse-grained potential is obtained.

As mentioned in the preceding section, four atomistic systems were
built, in which the pure PVBMIM and pure Li*TFSI” systems were
used for obtaining the elemental volume, and the PS and salt-doped
PVBMIM systems were used for optimizing the coarse-grained
potentials. The comparisons between selected bonded and non-
bonded distributions are shown in Figure 2, where we can see that the
optimized distributions exhibit excellent agreement with the target
distributions. The full comparisons for all bonded and nonbonded
distributions can be found in the Supporting Information Section S1.1
(those bonded and nonbonded interactions without lithium salt can
also be found in the Supporting Information of our other study®).

The parameterization of the coarse-grained potentials for the PS
(nonconductive) and salt-doped PVBMIM (conductive) systems only
offer bonded and nonbonded potentials within the respective units
but lack the interactions between the nonconductive and conductive
domains. Considering their repulsive nature, a pure repulsive potential
was employed to generate the potentials between the nonconductive
and conductive domains, as shown in eq 3

12 6 12 6
.. O.. O.. O..
LJ/WCA Y b Y Y
UYWYA G )=4e, || = 2 -2 +|2
rij rl] rcij rcij

(6)

where UY/"WA(r,) is the WCA potential between CG bead types i and
j at distance ry, the €; adopts an universal value 3.8 kJ-mol™’, oy is
obtained through a geometrical combination rule using the individual
o; and o; (the extraction of individual 6 can be found in the
Supporting Information Section $1.2), and r; is the cutoff distance
for the repulsive potential and can be calculated using eq 7

1/6

17=2.0"""0o;

cij

(7)

For each iteration step, a 1 ns NVT with Langevin dynamics was
used for solving the equation of motion with a time step At of 2 fs.
The cutoff for nonbonded Lennard—Jones (1]) interactions was set at
1.5 nm. The molecular dynamics was performed using Gromacs
2020.6,”> and the IBI was performed using an in-house version of
VOTCA.™

2.3. Constructing the Microphase-Separated Lamella. To
maintain brevity, we only provide an overview of the multiscale
simulation framework for constructing the microphase-separated
structures focusing on the modifications to our approach published
in earlier articles.*”***° We first construct ideal microphase-separated
structures using the harmonic potential for bonded interactions and
L] potential for nonbonded interactions (the detailed parameters can
be found in the Supporting Information Section S1.3). Based on the
CG mapping scheme, each unit of the nonconductive chain was
represented with two CG beads, and each unit of the conductive chain
was described by three CG beads, the mobile TFSI™ and lithium ions
are modeled as a single CG bead to ensure consistency between the
ideal and realistic CG phases. We chose to maintain the conductive
chain length (N,o,""™") as 20, the nonconductive chain length
(Nps“™™) as 60, and the number of block coPolyILs chain (Ngpgn) as
100. According to the elemental volume that was reported in Table 1,
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TFSI

PVBMIM

Figure 1. CG mapping scheme that is used: the polystyrene (PS) unit has been mapped into two CG beads, the PVBMIM unit has been mapped
into three CG beads, and the anion TFSI and lithium have been mapped into a separated single CG bead.

50 2.0
a BS-ST b BB - BB - BZ
== 1 target == 1 target
40 —— optimized 15k —— optimized
30F
I T 1ol
T z 10
20F
0.5F
10f
L 1 1 1 0 1 1 1 1
8.28 0.30 0.32 0.34 0.36 0.38 0.40 'q.O 1.5 2.0 25 3.0
r/nm B/radian
25 5
c IM-TF d TF-LI
== 1 target == 1 target
2.0F —— optimized 4r M —— optimized
1.5F 3k
= =
1.0F 2k
0.5¢ 1+ \/\’—-—-—-
. . . ] . . .
0'8.0 0.5 1.0 1.5 2.0 8.0 0.5 1.0 1.5 2.0
r/nm r/nm

Figure 2. Selected comparisons of the training target (dashed line) and the optimized distribution (solid line) for (a) bond distribution between
CG beads BS and ST, (b) angle distribution for CG beads BB, BB and BZ, (c) g(r) for ion-pair IM and TF, and (d) g(r) for ion-pair TF and LI
(the notation for the CG beads can be found in the mapping scheme in Figure 1, other comparisons can be found in the Supporting Information
Section S1.1).

the volume fraction of the conductive domain fy (Table 2) ranges microphase-separated structures that are generated based on these
between 0.49 and 0.56 at different salt concentrations. The fvs all fall in the lamellar morphology of the phase diagram.
9753 https://doi.org/10.1021/acs.macromol.3c01791
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Table 2. Simulation Details for Different Lithium Ion
Concentrations ¢;*

species N% i Ng?g‘:n Nehain Nanion N fv

¢, = 0.0 60 20 100 2000 0 0.49345
¢ =02 60 20 100 2400 400 0.51342
¢ =04 60 20 100 2800 800 0.53187
¢, = 0.6 60 20 100 3200 1200 0.54898
c; = 0.8 60 20 100 3600 1600 0.56488

“The total number of organic cations (the PBVMIM repeat unit) is
fixed at 2000.

The coordinates R of the microphase-separated structures of the
ideal phase are scaled to the realistic CG phase using eq 8

Z,— g

[Rreal = f'[Rideal’ v
ideal

wheref =
/ (8)
where i € (PS, PBVMIM, TFSI™ and Li*), n; is the number of units,
and v; is the elemental volume of each species. Upon obtaining the
coordinates R of the microphase-separated structures of a realistic CG
phase, the reverse mapping procedure based on the adaptive
resolution scheme method (AdResS) was utilized for recovering the
atomistic representations (the full descriptions regarding the reverse
mapping can be found in our recent papers32"’8’6°). The reverse
mapping simulations were performed using the in-house code
Bakery,”””® which can be obtained upon the request to the authors
or from our GitHub repository.

2.4. Atomistic Simulation Details. In conjunction with the
microphase-separated lamellar structures, we also constructed a
homopolymeric PolyIL system for the comparison of the changes in
the ion transport mechanism. The composition (number of ions,
chain length, etc.) and setup for homopolymeric PVBMIM are the
same as the block coPolyILs system that is listed in Table 2. For
homopolymeric PVBMIM, Packmol is used to insert the correspond-
ing components into the simulation box with low initial density, and
the multistep decompression described in the aforementioned section
has been utilized to compress the simulation box to a realistic density.
For both pure PolyIL and block coPolyIL systems, a 10 ns
equilibration run was performed under the NPT ensemble, after
which a 100 ns production run was conducted. The temperatures of
all simulations are performed at 600 K to have faster dynamics and
better statistics. This temperature is expected to be above the glass
transition temperature T, of the investigated system. We note that the
experimental measurements of conductivity and transference number
were also conducted at temperatures above T,.>* For each set of
parameters, five parallel samples with completely independent initial
configurations were used for averaging the quantification measures
discussed in the next section.

All simulation details and parameters were the same as in the
preparation of the atomistic training target, and all the simulations in
this section were performed using Gromacs 2020.6.”> The atomistic
lamella structures that were obtained and equilibrated through reverse
mapping are shown in Figure 3.

2.5. Quantification Measures. 2.5.1. Radial Distribution
Functions. The structural characteristics of different functional

groups were probed by calculating the radial distribution function
g(r) using eq 9

() = — 1)
4 4NN\ T 5 ’ )
where N; and N; are the number of particle species i and j (i, j €
[imidazolium ring, TESI™, Li*]). V is the volume of the simulation
box, and § is the Dirac delta function. The position between the
center of mass of particles i and j is r (description of the center of
mass for each particle can be found in Figure 1). The cutoffs for
investigating the anion—polycation association characteristics in
different morphologies were determined by the position r where
g(r) = 1.0 after the first peak. It has to be mentioned here that for the
lamella phase, eq 9 has a slight modification for the elemental volume
for accounting for the interface effect; more details can be found in
our previous work.*®
2.5.2. Interfacial Area and Width. To obtain the information for
the interfacial regions, an error function was used to fit the interfacial
area and width,>® as shown in eq 10.

l[erf(A(zO — z))+1]
) 2

(10)

p(z) is the density value at a location z (in the current study, we use
the density profile of polycation), pj is the equilibrium density for the
corresponding homopolymer, and z, is the central location of the
interface. In our simulations, there is only one conductive domain for
the constructed lamellar morphology (cf. Figure 3). The region
corresponding to the interfacial width is designated as the interfacial
zone, and the rest of the domain is designated as the bulk region.
2.5.3. Polymer Segmental Dynamics. Polymer segmental
dynamics were characterized through the dynamical structural factor

S(q; t)77

S(g, t) = Y7 bbexplig(r(t) — r,(0)1/ 3] b

ij=1

(11)

where N is the number of atoms on the polymer, b; and b; are the
neutron scattering lengths of atoms i and j, q is the wave factor, and r;
and 7; are the atom positions at the given time f. The normalized
dynamics structural factor S(g, t)/S(g, 0) was fitted to a Kohlrausch—

Williams—Watts (KWW) stretched exponential form

b

ij=1

S(q,t) t

= exp
S(q,0) a,

(12)

and the relaxation time scale 7, was calculated by using the following
equation

1
= aqF 14+—
q (13)

Tq

where I denotes the gamma function.

2.5.4. lon-Pair Intermittent Relaxation Time Scale 7. The
intermittent ion-pair relaxation timescale 7, for characterizing the
association time of a given ion pair can be evaluated using

Figure 3. Equilibrated atomistic representations of salt-doped lamellar structures obtained through the multiscale simulation framework. The red
area is the nonconductive domain PS, the blue area is the conductive domain PVBMIM, and the golden spheres are the lithium ions.
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(h(to)-h(ty + t))
(K (14)

where h(t) equals one for an existing associated pair of ions and zero
otherwise. C(t) was fitted to a Kohlrausch—Williams—Watts (KWW)
stretched exponential form

; i
C(t) = exp| — [;]

c

C(t) =

(18)

and the relaxation time scale 7. was calculated by using the following
equation

.= al 1+l
A

where I denotes the gamma function.

2.5.5. lonic Mobility u. Nonequilibrium simulations with an
external electric field were performed to obtain the ionic mobility u
for the anion TFSI™ and Li* from the linear response regime of the
drift velocities. Seven external electric field strengths [E, € (0.02,
0.04, 0.06, 0.08, 0.12, 0.16, 0.20), V/nm] were utilized, and a 40 ns
production run was applied for each electric field strength. Under
each electric field strength, the drift velocity can be obtained from the
linear regression of the displacement of different units with respect to
time t

(16)

1
v); = lim—( r,(t) — (0
= m - (1(0) = 7(0) -
where r; is the position vector of the center of mass (based on the
coarse-grained mapping scheme in Figure 1) of anion TFSI™ or Li*.
Based on drift velocity results (Supporting Information Section S2),
the first five points are used for fitting the ionic mobility

E (18)

2.5.6. True Conductivity ¢ and Transference Number t,;. After
obtaining the ionic mobilities from nonequilibrium simulations, the
true conductivity ¢ can be calculated as

GzF(z—Cﬁu_ + zLiCLiﬂLi)

(19)

where z_ and z;; are the magnitude of the charges of anion and
lithium ion, F is the Faraday’s constant, c_ and ¢;; are the anion and
lithium ion charge concentrations, and y_ and p;; are the mobilities
for the mobile ions. We note that we adopted the polymer-centric
reference frame (which has been suggested as appropriate for
polymer-based electrolytes®), and thus, the polycationic mobility
p, = 0. The transference number t;; can be determined as
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b= OLi
Vs (20)
2.5.7. Apparent Charge Z,,,. In some studies,”**”%”% the ratio

between the measured self-diffusion coefficient (from PFG-NMR)
and electrophoretic mobility (from eNMR) is used to define the
apparent charge Z,,,. The apparent charge Z,,, provides an average
dynamical measure of the net charge of an ion along with the ions that
it moves in a concerted manner. Using lithium ion as an example, a
Z,p around 1 indicates that the lithium ion prefers to move by itself; if
Z,pp is greater than 1, it suggests the lithium ion cooperatively moves
together with other cations; if Z,,, is negative, it indicates that the
lithium ion is carried by multiple anions in its first solvation shell.
Based on the Nernst—Einstein relation, the ideal ionic mobility pixg
can be evaluated as®>*
NE _ eqiD i

BT T (21)

where i € (anion, lithium ion), e is the elementary charge, g; is the
effective charge, and D; is the self-diffusivity (the fits for the self-
diffusivities are shown in the Supporting Information Section S3), kg
is the Boltzmann constant, and T is the temperature. Then the

apparent charge Z,, can be obtained as

app
(22)

3. RESULTS AND DISCUSSION

3.1. lon Mobilities, Conductivity, and Transference
Numbers. We begin by discussing the results for the mobility
of different ion species as a function of the lithium salt
concentration ¢;;. In Figure 4, we present results for the anion
and lithium mobilities and compare the trends for PolyIL
(HO) with those of coPolyIL (LA). It can be seen from Figure
4a that with an increase in ¢, the anion mobilities decrease (in
magnitude) for both PolylL and coPolyIL. Interestingly, we
observe that the lithium mobilities are negative over the entire
range of salt concentrations probed (cf. Figure 4b). This
suggests that the lithium ions are drifting in the “wrong”
direction in the presence of the electric field. Within such a
picture, we observe that the lithium ion mobilities increase
(i.e., become less negative) with increasing salt concentrations.
Furthermore, it can be observed that the anion and lithium
mobilities in lamellar phases (LA) are smaller in magnitude
than those in homopolymers (HO), but the lithium ion
mobilities in LA are larger (toward the positive direction) than
in HO.
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for (a) anion TFSI™ and (b) lithium ion Li".

In Figure Sa, we compare the total conductivities of HO and
LA. Therein, it is seen that the overall conductivities of HO
systems are higher than those of LA systems at all salt
concentrations. It is also seen that the impact of salt on the
conductivity is very similar between the two systems (shown
more explicitly in the inset in which we compare the shifted
values), and there is a decrease in the conductivity in both
systems with increasing salt concentration. In Figure Sb, we
present a comparison of the Li* transference numbers between
the LA and the HO systems. Based on the signs of the Li"
mobilities, unsurprisingly, we observe negative transference
numbers in both LA and HO systems, which agrees with
Elabd’s experimental results.’* Interestingly, we observe that
the transference numbers are very comparable between the LA
and HO systems but with slightly lower (in magnitude) values
for LA, especially at higher salt concentrations. Overall, since
LA systems exhibit fewer negative Li* transference numbers,
we conclude that coPolyILs do indeed exhibit more favorable
transport characteristics compared to HO.

In Figure 6, we recast the results of Figure 4 as an apparent
charge defined in eq 22. We observe that the anions have an
apparent charge greater than —1.0 indicating correlated motion
of multiple anions. Similarly, lithium is seen to have a negative
apparent charge consistent with the results of the mobility and
transference numbers. Further, we observe that the apparent
charge of lithium in LA phases is less negative than the HO
systems, again indicating relatively more favorable transport
characteristics in LA.
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The above-discussed results present several interesting
observations whose origin we seek to unravel in the following
sections. First, we observe that there is strong correspondence
between the results of the LA and HO systems. This suggests
that the differences noted in the experiments of Elabd and
coworkers discussed in the Introduction do not possibly arise
as a consequence of the self-assembly. Further, we observe that
the lithium ions exhibit negative mobilities and transference
numbers in both HO and LA systems. Finally, the results of
Figure Sb do validate our original hypothesis that the self-
assembled phases of block coPolyILs may furnish a strategy to
increase the lithium ion transference numbers in salt-doped
systems. Disappointingly, we observe that the influence of self-
assembly is not very significant until higher salt concentrations
and that the lithium ion transference numbers remain negative
in the range of salt concentrations studied.

3.2. Distributions of Anion and Lithium in LA Phases.
As a first step to understand the origin of the observations
discussed in the previous section, we present results for the
density distribution of polycations, anions, and lithium ions in
the LA phases at different salt concentrations (Figure 7a—c
shows averaged density over five parallel samples for each salt
concentration) and representative snapshots in Figure 3. In the
absence of salt, it is seen that the density of the anions follows
the distribution of the polycations. With the addition of salt,
we observe that the majority of the lithium segregates to the
center of the LA domain. Correspondingly, we observe that the
anions also become enriched in the center of the domains.
Further, it can be observed there is a slight dip in the
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polycation concentration at the domain center even at zero salt
loading. We believe that the origin of this observation is that
the polycation chains are stretched relative to their
unperturbed R, values (see Figure S15 in the Supporting
Information). We hypothesize that the polycations relieve a
portion of the entropic costs of chain stretching by allowing
the anions to segregate to the middle of the domain. This also
explains the predominant segregation of the added lithium salt
to the middle of the domain. In Figure 7d, we display a
normalized version of the lithium density profiles (normalized
by the peak in the density profiles), in which interestingly, we
observe that the density profiles almost collapse onto a single
curve.
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To glean further insights into the characteristics of the
anions and lithium in LA, we divided the lamella domain into
different regions. For this purpose, we divide the lamella into
an “interfacial region” whose position and thickness are defined
in eq 10 and extracted based on the density profile of
polycation, and a “bulk region,” defined as the region between
two neighboring interfacial regions (the detailed results for
fitting the interfacial regions are shown in the Supporting
Information Section S4). From the above density profiles and
the thickness of the bulk region displayed in the Supporting
Information Section S4, it is seen that the salt loading only
exerts a limited effect on the swelling of the conductive
domain, which is consistent with the experimental observations
in Elabd and coworkers’ study.”* Such results contrast with the
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swelling reported in polystyrene-block-poly(ethylene oxide)
(SEQ) systems even at much lower ¢;;.*" We hypothesize that
this arises because the lithium salt predominantly segregates to
the middle of the domain. In contrast, in the salt-doped PEO
systems, the salt distributes more uniformly and acts like a
“good solvent” to swell the domain.

In Figure 8a,b, we display the fraction of anions and lithium
located in the respective regions. Consistent with the
observations based on the density profiles, it can be seen
that around 85% of the anions are located in the bulk region.
With an increase in salt concentration, there is a slight decrease
in the fraction of anions located in the interfacial region (from
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0.14 to 0.11) and a corresponding increase in the anions
located in the bulk region. Similarly, around 90% of the lithium
is located in the bulk region. Consistent with the observations
of our normalized density, we observe that the fractions of the
lithium ions in the different regions are almost constant as a
function of salt concentration.

In Figure 9a, we present results for the anion—cation RDFs
in the HO and the bulk region of the LA phase, in which we
observe that the anions in the bulk region of LA exhibit almost
identical interaction characteristics as the HO. In comparing
the RDF:s for the bulk region to the interfacial region of the LA
phases (cf. Figure 9b), consistent with our previous study on
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regions.

pure (i.e., in the absence of salt) coPolyILs,”® it can be seen
that the anion—cation RDFs display much stronger inter-
actions in the interfacial region of the LA phases. In Figure
9¢,d, we display results for the lithium—anion RDFs wherein
similar features of comparable interactions between HO and
bulk and stronger interactions of LA (relative to bulk) in the
interfacial regions are seen. Further, we can see that the
intensities of g(r) decrease for both anion—cation and
lithium—anion pairs with increasing ¢j;, which can be
understood to arise from the screening effect of electrostatic
interactions.

To go beyond the RDFs, we characterized the anion—cation
and lithium—anion coordination characteristics in the bulk and
interfacial regions of LA and compared them to the
corresponding features for HO. In Figure 10, we display the
association probability distributions P(N) that a given anion
associates with N polymer chains. We explicitly separate these
distributions as a comparison of the bulk to the HO results in
Figure 10a and the bulk versus interfacial regions in LA in
Figure 10b (for greater clarity, the associations in bulk and
interfacial regions are displayed individually for each salt
concentration in the Supporting Information Section SS). In
Figure 104, it is seen for HO in the absence of salt that there is
a maximum in the probability distribution at N = 3 with a
comparable probability for N = 2. With increasing c;;, we
observe that the maximum moves toward N = 2, and the
shoulder peak shifts toward lower N. Interestingly, in Figure
10a the P(N) for the bulk region of LA is seen to be similar to
the HO distributions in the presence of salt. In comparing the
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interfacial with the bulk (cf. Figure 10b) regions in LA, we
observe that the ions in the interfacial regions exhibit a
tendency to associate with a smaller number of polymer chains,
exhibiting either a peak at N = 1 or a comparable probability
for N=1and N = 2.

In Figure 1la—d, the association probability distributions
P*(n) for a given anion that associates with n number of
cations, and P*(n) for a given lithium that associates with n
anions are displayed. Similar to Figure 10, we split these results
as a comparison between the HO with the bulk (Figure 11a,c)
and the bulk with interfacial associations (Figure 11b,d). In
Figure 1la,c, we again observe that the coordination
characteristics of the HO and the bulk are essentially identical.
For the case of anion—cation coordinations in HO and bulk,
we observe that the peak position spans from #n = 3 to n =4 in
the presence of salt. For the case of lithium—anion
coordination in HO and bulk, we observe broad peaks at n
= 3 and n = 4. In contrast, we observe that the interfacial
associations all involve a lesser number of cations (Figure 11b)
and anions (Figure 11d). Explicitly, for the interfacial
associations, we observe that with an increase in salt
concentration, the peak in the anion—cation coordinations in
the interfacial region transitions from n = 3 to n = 2, while, the
lithium—anion coordination exhibits a single peak at n = 3.

Together, the results presented above demonstrate that the
interactions and coordination in the LA phase can be broadly
divided into two distinct portions. In the bulk region, the
anion—polymer, anion—cation, and lithium—anion interactions
and associations exhibit almost identical characteristics to the
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relaxation timescale 7, that was obtained through the dynamical structural factor S(g,t) at g = A™".

homopolymer. In contrast, the interfacial region of LA is seen
to contain around 10—15% of ions and is characterized by
much stronger anion—cation and lithium—anion interactions
and frustrated (relative to HO and bulk) coordinations
involving less number of polymer chains, cations, and anions.
Overall, such results are similar to the observations presented
in our previous study on coPolylLs in the absence of salt.’
Therein, we attributed the origin of the differences in the
interactions (between the bulk and interface) to the interfacial
mixing between the conductive and nonconductive (lower
dielectric) domains in the LA phases. Such mixing between the
conductive and nonconductive domains was argued to lead to
the inability of anions and lithium to have the same access to
the polymer chains as in bulk and leads to the frustrated
coordinations observed in our results.

The above results already provide insights into the main
observations noted in the results for the mobilities of the ions
(Figure 4). Indeed, we observe that almost 85% of the anions
and lithium ions are in the bulk region of the LA, and behave
essentially as ions in HO. Not surprisingly, the behavior of the
mobilities of both anions and lithium ions in LA were seen to
exhibit strong correspondence to those observed in HO.
Further, we observed that both the anion and lithium
mobilities were lower in LA compared to the HO. This can
be qualitatively understood as resulting from the stronger
interactions and frustrated coordinations in the interfacial
regions of LA. Furthermore, the observation of negative
mobilities and transference numbers of lithium can be
rationalized by observing that the lithium—anion coordination
displayed in Figure 1lc,d shows that lithium ions are
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surrounded in general by multiple anions in their coordination
shell. Further, we observe that the lithiums present in the
interfacial region of LA exhibit coordination with a lesser
number of anions compared to those in HO and bulk. In the
next section, we relate the above results to the dynamic
characteristics and changes in transference numbers.

The results presented in this section relied on static/
equilibrium measures to help us understand the distribution of
ions and their interaction characteristics in the HO and LA
systems. In the next section, we validate the above explanations
by a consideration of the dynamical characteristics of the
anions and lithium in LA and HO.

3.3. Dynamics of Anion and Lithium lons. 3.3.1. Salt
Concentration Dependence of Anion Mobilities in HO and
LA. In our previous studies,’>** we rationalized the depend-
ence of anionic mobility (in terms of self-diffusivity) on the salt
concentration by invoking the changes in the anion association
characteristics with the addition of salt. Explicitly, the anions in
the salt-doped PolyILs were categorized into three types: T:
the anions which only associate with polycations; T,: the
anions which associate with both polycations and lithium ions;
and T;: the anions that only associate with lithium ions. For
low salt concentrations, the amount of T anions was found to
be negligible, and the overall anion dynamics was shown to
reflect a combination of the dynamics of T and T, anions.

In Figure 12a, we show the results of fractions of different
anion types for HO and LA for different salt concentrations. It
can be observed that the amount of T, anions decreases rapidly
with an increase in ¢;;, and simultaneously, the amount of T,
anions increases with an increase in ¢;;. The fraction of Tj
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anions is again seen to be negligible in this regime of salt
concentrations. Interestingly, despite the presence of the
interfacial region with different coordination characteristics,
the anion fractions for LA are seen to be almost identical to
HO.

In Figure 12b, we show a cartoon of the transport pathways
for T, and T, anions proposed in our earlier studies.*” T,
anions are similar to the ions in a pure PolylL, and are
expected to move'®*® by a hopping process through a series of
association—dissociation events involving associations with
cations from different polymer chains.”® With an increased
amount of T, anions, such a traditional transport pathway is
expected to be disrupted, and the mobility of T, anions is
expected to decrease with an increase in ¢j;. Such expectations
are seen to be borne out in the results for the short-time MSDs
on such ions displayed in Figure 13a.

In our previous study,”> we suggested that the T, anions
were more influenced by the polymer segmental dynamics and
by the dynamics of the lithium ions associated with such
anions. The association and the movement of the resulting
cluster with the lithium ions resemble the dynamics observed
in salt-doped ILs (monomeric) and are expected to lead to a
decrease in the mobility of anions with increased cj;. Further,
the polymer relaxation timescales [obtained from dynamical
structural factor S(g, t)] in Figure 12c display an increase with
the addition of salt. As a result of these combined effects, we
expect the mobility of T, anions to decrease with the increase
in salt concentrations—expectations which are borne out in
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the results for the short-time MSDs on such ions displayed in
Figure 13b.

Together, the results of Figure 13a,b rationalize the decrease
in the mobility of anions in HO with an increase in salt
concentrations. To explain the lower anionic mobility for LA in
comparison with HO (also observed in the respective
dynamics of T; and T, anions in Figure 13), we invoked the
effects of interfacial interactions and associations accompany-
ing LA phases. In the preceding section, we hypothesized that
the stronger interactions and frustrated coordination behavior
in the interfacial regions of LA are likely to lead to lower anion
mobilities. To prove evidence for such a claim, in Figure 14 we
show the results of short-time MSDs for T; and T, anions in
the bulk and interfacial regions. Consistent with the results for
g(r) (cf. Figure 9) and anion associations (cf. Figure 11), the
mobilities of T} and T, anions in the interfacial region are seen
to be slower than those in the bulk regions. Together, such
results validate our hypothesis regarding the origins of the
slower anion dynamics in LA relative to HO.

In summary, the above results demonstrate that the reduced
anionic mobilities are due to a combination effect of slower T,
anions, whose transport pathways have been disrupted by the
presence of T, anions, and the slower T, anions, for which the
dynamics has been impacted by the slower polymer segmental
dynamics. Further, it is seen that the anion—cation interactions
and associations are frustrated in the interfacial region, and
thus, the anionic mobilities of both the T, and T, anions are
slower in LA relative to those of HO.
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Figure 16. Ion pair relaxation timescales of (a) anion—cation and (b) lithtum—anion in HO and bulk and interfacial regions in LA.

3.3.2. Salt Concentration Dependence of Lithium
Mobilities in HO and LA. We recall that lithium ion mobilities
(cf. Figure 4b) “increased” (became less negative) with an
increase in c;. Further, in Figure Sb it was seen that the lithium
mobilities were negative and that the transference number f;;
in both HO and LA systems were negative and also “increased”
with ¢.** In general, negative lithium ion mobilities and f;; in
electrolytes have been rationalized by the cooperative motion
of lithium ions with the anions in its first solvation shell. In
contrast, in our most recent study,53 we demonstrated that in
salt-doped PolylLs, the dynamical associations between
lithium—anion and anion—cation play a crucial role in
determining the lithium ijon mobilities and transference
numbers. Explicitly, we showed that if the associations between
anion and the polycation are long-lived, then the lithium ion
involved in cation—anion—lithium co-coordination could
dissociate more readily and move independently of the anions.
Such cases lead to higher lithium ion mobilities and
transference numbers. In contrast, if the interactions between
lithium and the anion are longer-lived relative to anion—cation
association timescales, the anions can get rid of their associated
cations more easily and move together with the lithium ion.
Such cases led to a lower lithium ion mobility and transference
number.

To quantify the competition between the above-discussed
dynamical associations, in our recent work, we used the ion-
pair relaxation timescales for anion—cation and lithium—anion
associations, 7. and 7.* (cf. eq 16). As can be seen from the

C

results displayed in Figure 15a, the ratio 7.2/7* for both
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systems is above 0.8, indicating that a given anion has a
comparable probability of staying associated with its cation
versus moving with the associated lithium. To further quantify
the cooperative motion of lithium and its anions, we defined
lithium ions as undergoing vehicular motion if they traveled
continuously for at least a distance of anion size (S A for
TFSI™) with at least two anions from the original solvation
shell. It can be seen in Figure 15b that the fraction of lithium
undergoing such vehicular motion is around 0.4 for the HO
systems. In contrast, in our recent study,53 where a positive f;
was observed, the ratio 7.*/7.* was around 0.4 and the fraction
of such vehicular motion was around 0.25.

Explicitly, our results for the ratio 7.*/7.* and the fraction of
vehicular motion demonstrate that a significant fraction of the
lithium ions move by cooperative vehicular motion involving
multiple anions. Such cooperative motion explains the negative
mobilities and transference numbers of lithium ions. With
increasing salt concentrations, the ratio 7.*/z* and the
fraction of lithium involved in vehicular motion are seen to
decrease, which explains the in the lithium ion
mobilities.

Within the above-discussed context, we can compare the
respective behaviors for LA and HO systems to understand the
results in Figure Sb. It is observed that both the ratio of 7./7*
(Figure 15a) and the fraction of vehicular motion (Figure 15b)
in LA are lower than that in HO. To justify such results, we
recall that both the g(r) (cf. Figure 9) and anion associations
(cf. Figure 11) suggest that the interfacial regions of LA exhibit
stronger anion—cation and lithium—anion associations. We

“increase”
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quantify the impact of such modified interfacial interactions on
dynamical characteristics explicitly in Figure 16, wherein it is
seen that indeed both 7* and 7.* values are higher in the
interface relative to the bulk. As a result, the fraction of lithium
ions executing vehicular motion with its anions is seen to be
lower (Figure 15) in LA compared to HO. Hence, the lithium
mobilities and the associated transference numbers are less
negative in LA compared to HO.

In summary, our results demonstrate the lithium ion
mobilities in both HO and LA are influenced by a competition
between the anion—cation and lithium—anion association time
scales. In both HO and LA systems, the two timescales are
comparable in magnitude, and hence, a significant fraction of
lithium ions move along with their solvating anions. As a result,
the transference numbers are negative for both the HO and LA
systems. In comparing HO and LA systems, we observed that
as a consequence of the interfacial interactions the anion—
lithium associations were shorter-lived relative to anion—cation
interactions. Hence, both the lithium ion mobilities and
transference numbers were found to be higher for LA.

4. SUMMARY AND CONCLUSIONS

We presented multiscale molecular dynamics simulation results
comparing the conductivities and transference numbers in
lithium salt-doped PolyIlLs and the lamellar phase of
coPolylLs. In both systems, the anion mobilities decreased in
magnitude with an increase in the concentration of lithium salt.
Lithium ions exhibit negative mobilities in both systems, but
the magnitudes decrease with an increase in salt concentration.
More interestingly, the anion mobilities were lower in the
lamellar systems compared to homopolymers in magnitude,
but the lithium ion mobilities and the transference numbers
were less negative in such systems. By examining the anion—
cation and lithium—anion interactions in terms of equilibrium
radial distribution functions, coordination characteristics, and
ion pair relaxation timescales, we rationalized the origin of the
salt concentration dependencies and negative transference
numbers.

Overall, the findings presented in this study did confirm our
original hypothesis that the modified anion—cation and
lithium—anion interactions in the microphase-separated
coPolyILs may provide a strategy for realizing higher lithium
ion transference numbers relative to the homopolymeric
counterparts. In our future studies, we plan to explore the
role of different counterions and whether alternative
chemistries may serve to reverse the sign of the transference
numbers in microphase-separated systems relative to homo-

polymers.
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