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ABSTRACT: We study ternary polymer-polymer-salt blend electrolytes using coarse- Miscible polymer
. . . . . > blend electrolyte
grained molecular dynamics. We specifically examine the influence of the polymer hosts Seste
incompatibility and polarity contrast on electrolyte ion transport characteristics. We find
that, at moderate- to high-polarity contrasts, improving the miscibility of the polymer hosts
by reducing their inherent incompatibility improves ionic transport, as measured by the
ionic conductivity. However, contrary to expectations, ionic conduction slows with Moderate polarity Composition
increased miscibility in low-polarity contrast electrolytes. Upon examining the underlying contrast
material properties, we find that ionic aggregation exhibits trends similar to ionic
conductivity and is thus likely the controlling factor in these polymer-blend electrolytes. Our results suggest that ionic conduction
can be improved in real polymer electrolytes by choosing chemistries that promote simultaneous miscibility and polarity contrast
between the polymer hosts.
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B INTRODUCTION shell to shell or diffuse with their solvation shells through a
medium that consists predominantly of the high-mobility
component.” This combination yields a unique environment,
characterized by both fast dynamics and high ionic solvation
strength, around a lithium ion that cannot be found in their
pure electrolyte counterparts. Such a synergy on the molecular
scale highlights the necessity of the blend SMEs being miscible,
as the conduction mechanism through a demixed SME may be
some simple average of the native conduction mechanisms of
the high-mobility and high-polarity component electrolytes.®

Despite their success, SMEs bring with them several
undesirable properties, such as flammability, electrochemical
instability, and the additional need for mechanical support.
These downsides could be mediated by replacing the liquid
hosts with polar polymers. However, it has been shown that
polymers exchange their improved thermal, electrochemical,
and mechanical stabilities for poor ionic transgort7 because of
a combination of poor ionic solvation® ' and slow
dynamics."*~*°

Using blend SMEs as inspiration, we hypothesize that
blending two polar polymers, one of which has fast dynamics
and the other high polarities, may be a viable strategy to
improve the ionic conductivity of polymer-based electrolytes
(PBEs). We expect that these blend PBEs will exhibit similar
positive deviations relative to the linear mixing rule seen in
blend SMEs while still maintaining their desired chemical and
mechanical robustness. However, as has been highlighted

Lithium-ion batteries (LIBs) are electrochemical devices that
can reversibly store and discharge energy by shuttling lithium.
They have found application in many consumer products, such
as laptops, cell phones, and electric vehicles, owing to their
high cyclabilities, energy densities, and power densities." The
electrolytes in LIBs are ionically conducting yet electronically
insulating materials sandwiched between their electrodes. This
combination of properties inhibits LIB self-discharge when
disconnected from a load while enabling facile charge transport
during charge/discharge cycles.

Facile ionic transport, as measured in part by the ionic
conductivity, is enabled by an electrolyte host which has fast
innate dynamics and can solvate lithium ions well. Fast
dynamics is typically promoted through the choice of a low-
viscosity liquid host, such as dimethoxyethane, dimethyl
carbonate, or diethyl carbonate, whose properties presumably
arise from weak polar intermolecular interactions.”” These
weak interactions, characterized by a low dielectric constant,
lead to a reduced propensity to solvate ions.* Thus, the second
need for a high-performance electrolyte is often met by the
addition of a highly polar solvent, such as ethylene
carbonate.”® These resultant blend small-molecule electrolytes
(SMEs) have high ionic conductivities, thereby reducing the
overpotential needed to drive ion transport.”

Interestingly, blends of SMEs have been found to have ionic
conductivities higher than those of their correspondent pure
electrolytes (electrolytes containing only one host), typically

maximizing at some intermediate electrolyte composition.” At Received: November 27, 2019
a molecular level, such observations have been rationalized by Revised:  January 7, 2020
suggesting lithium ion’s solvation shell consisting predom- Published: January 21, 2020

inantly of the high-polarity component and largely excludes the
high-mobility component.” The lithium ions then hop from
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above, to gain the synergistic benefit of combining two
polymer hosts, the resulting blend PBE should be miscible. As
enthalpic self-interactions of one polymer tend to be favored
over cross-interactions with other polymers, a blend of any two
polymers is unlikely to be miscible at sufficiently high
molecular weight.”' Such incompatibility could be remedied
through the inclusion of associative groups between polymers,
such as hydro%en bonding moieties dispersed along the
polymer chain.”” In addition, Wang has interestingly shown
that the addition of salt into polymer blends can improve their
miscibility if they have large differences in their dielectric
constants.”

The abovementioned considerations have inspired us to
understand the roles of incompatibility and dielectric contrast
on ion transport in blend PBEs. We believe that the inherent
incompatibility of the host polymers and the polarity contrast
between the hosts will strongly influence the conductivity of
their resultant blend PBEs. In particular, we anticipate that
large contrast between the polymer host dynamics and
polarities will best improve ionic conductivity relative to that
of the pure electrolytes. However, we further anticipate that
such improvements can only be accessed in miscible blends, in
which ions are well solvated by the high-polarity polymer but
can diffuse through a medium whose dynamics are dominated
by the high-mobility polymer.

We recognize the challenge of exploring the roles of
incompatibility and dielectric contrast on ionic transport
from an atomistic perspective, as we would need to identify
chemistries that would to independently span a wide range in
polarity contrast and host incompatibility. Instead, in this
study, we use a molecular dynamics framework in combination
with the so-called Stockmayer model. It is a simple coarse-
grained model of polar fluids that allows us to easily vary the
polarity of the high-mobility (denoted A) and high-polarity
(denoted B) polymer components by varying the strength of a
freely rotating, point electric dipole moment embedded in each
repeat unit (RU) of each polymer.”*** Similar models have
been previously employed to explore chain conformations of
dilute polymers in solvent,”*” the competition between ionic
aggregation and polymer dynamics and their relation to ion
transport,'’ the effect of molecular weight and salt concen-
tration on ion transport,”® and the influence of molecular
weight and chain connectivity on ion solvation” ™" in polymer
electrolytes. In a blend of weakly interacting Stockmayer
polymers, Kumar and co-workers have shown that increasing
the contrast in polymer polarity strongly decreases their
solubility.”*”* Such an increased phase separation tendency
can be remedied by changing the polymer components. The
Lennard-Jones cross-interaction parameter €, is relative to
their self-interaction parameters (£,,, €p3), both of which are
set to 1.0 kgT. Grest and co-workers found that blend
incompatibility could be reduced when &,5/(ksT) decreased
below 1.0.* We use the flexibility afforded by the independent
nature of the cross-interaction parameter to tune the
miscibility independent of the polarity contrast.

The remainder of this article is as follows: we describe in
more detail the simulation method and parameters used in the
Simulation Details section. In the Results and Discussion
section, we present the variation of PBE miscibility and the
environment around ions as a function of simulation
parameters and relate them to measurements of their ionic
conductivities. We combine insights from these measurements
to ascertain the role of ionic aggregation and polymer
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dynamics in these blend electrolytes at the end of the Results
and Discussion section. We conclude with recommendations
for ideal-blend PBEs.

Simulation Details. As described in the introduction, the
Stockmayer model is a coarse-grained model of polar fluids.
Each polar molecule is represented by a bead in which is
embedded a freely rotating, point electric dipole. This dipole
can then interact with ions placed in the system, thus serving as
a means to screen ion—ion interactions.'>**>** 73!

As is commonly done in coarse-grained molecular dynamics,
we represent all parameters in Lennard-Jones (LJ) units, the
values of which are nondimensionalized by the following
fundamental parameters: the characteristic mass m = 2.99 X
1072 kg, the characteristic ener$y £=1527x 107 J, and the

characteristic length ¢ = 4.5 A2 In all simulations, we set the

ks T

temperature T* = = 1.0, where kz is the Boltzmann

constant, and the mass of all particles to m; = m, and note that

2
mo

1/2
. ) = 1.1 ns. We

the characteristic timescale T=(

represent the fundamental charge e in LJ units according to
the following equation

4
e¥ =

= ——— =9.863
(4me,oe)' />

(1)

where €, is the permittivity of free space. Further, we represent
the dipole strength of a poly(ethylene oxide) (PEO) RU at 373
K (1.7 D') as pgo, according to the following equation

_ (1.7D)(3.33564 x 10*° cm/D)
- 1/2

o = 0.775

(4me,0°€)

)
For convenience, we express all dipole strengths as a multiple
of figo.

All systems consist of four types of particles: low-polarity
monomer (denoted A), high-polarity monomer (B), anions
(a), and cations (c). Point dipoles were embedded in beads of
type A and B, whereas point charges were assigned to both the
anions and cations. The dipole strength associated with A is
1.25 ppo, whereas Au = pup — py = [0.1, 0.4, 0.8] pgo.
Increasing a given polymer’s polarity improves its solvation
strength while slowing dynamics.”'®*® Thus, these values were
chosen such that A poorly solvates ions but has fast dynamics
and that B has similar solvation strength and dynamics as A at
low Ap and strong solvation strength and poor dynamics at
high Au.'® We set the charges assigned to cations and anions
to be g. = —q, = ¢* in all simulations.

All particles interacted through a mixture of nonbonded and
bonded potentials. The nonbonded potential between particles
i and j was of the following form

E;(r;) = Eyea(ry) + Ey(ry)

©)
where r;; is the distance between particles i and j, and E, is an
electrostatic potential. As mentioned above, Eyyca denotes the

Weeks—Chandler—Anderson potential®®

12 6
0jj Gjj 1
_ j ij 1/6
Ewealry) = 4gl|—| —|—| + | i <20
T Tij 4
(4)
Here, 0 and ¢; are the L] energy and radius. Because of the

cutoff at 21/ oy this potential simulates a purely repulsive

interaction between all particles in the system. o;; is determined
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Figure 1. Simulation snapshots of the polymer hosts the Ay/pugo = 0.4 blend electrolytes with incompatibility strengths &,5/(kzT) of (A) 0.5, (B)
1.0, and (C) 1.5. Light blue and purple particles correspond to A and B polymers, respectively. The blends more strongly phase segregate with
increasing incompatibility. (D) Sxs(q) as a function of €45/ (kT), showing increasingly sharp sinusoid-like behavior with &,5/(kT), corresponding
to increasing phase segregation in A—C. (E) Sug[q; €ap/(ksT)] — Sas(q; 0.5) (lines) and Lorentzian fits (dashed, dotted curves), along with
domain spacing. Domain spacing increases with increasing incompatibility, consistent with more clearly separated phases in C.

by the arithmetic mixing rule using each particle’s native L]
radius: o; = 0.5 (o; + O'i). To crudely simulate the size
disparities found in a PEO-—lithium bistriflimide system, we
chose 6, = 63 = 6, 6. = 0.5 6, and 0, = 1.5 0. All 1] energies ¢;
= 1.0 kpT, except €,5. Inspired by work of Grest et al. and
others,****™* we chose e,5 = [0.5, 1.0, 1.5] kT to vary the
incompatibility between monomers A and B. Namely, a low
value of &,3 promotes compatibility, while a higher value
increased incompatibility.

The form of Eel(r,-j) varied with the types of particles i and j.
If both particles were ions, they interacted through Coulomb’s
law

E(r) 9:4;
A 477601;-}-2

©)

If one particle i is a monomer and particle j is an ion, they
interact through the following potential

Eel(rij) = 4727607’4.3
i

(6)
where p; is the dipole moment vector and r; is the
displacement vector between particles i and j. A torque on

particle i, T;, was also induced by this potential

Tij 3
4ﬂ€07’ﬁ

7)

877

Finally, if both particles were monomers, they interacted
through the following potential

1

E r.,) =
o 4megr’

() = 51w )
Tij (8)

Similarly, a torque is generated for both particles i and j. The
torque on i is calculated according to the following equation

_ 1

4mer;

i

A~ xm) + i(u kAT B

Exchange i with j in the above equation to gain the torque on j
T;. We chose the moment of inertia I = 0.02§ mo® to
propalgate torques into rotational motion in each monomer
unit.>" All electrostatics were calculated directly within a 6 &
range. Long-range -electrostatics begond this cutoff was
calculated using Ewald summation,*”*

Finally, all-bonded particles interacted through the finitely
extensible nonlinear elastic bonded spring potential

2
1 Tij

EFENE(th) = EkRoz In|1 - (R_]] ’

0 (10)

The spring constant k and the maximum extension R, were
chosen to be 30 &/¢* and 1.5 6, respectively.”'

We simulated all systems in the Large-scale Atomic/
Molecular Massively Parallel Simulator package.*” All simu-

https://dx.doi.org/10.1021/acs.macromol.9b02510
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Table 1. Summary of the Miscibilities of All Simulated Blend Electrolytes as Functions of Polarity Contrast Ap/pgo, Relative

Composition ®,, and Incompatibility €,5/(ksT)“

AW peo 0.1 0.4 0.8

el T 0.5 1.0 15 0.5 1.0 15 0.5 1.0 15
25| M M | M M | M | |

@, (%) 50| WM™ M | M | | M | |
75| W™ | | M | | M | |

“Miscible and Immiscible Blends are Denoted by Black M’s and Red Is, Respectively

lations consisted of N = 100 chains with 20 RUs and 125 ion
pairs, yielding [RU]/[c] = 16. The number of chains of type A
N, was determined by the relative volume percentage ®, =
100 (N,/N)% = [0, 25, 50, 75, 100] %. Each simulation box
was initially packed with random polymer configurations, after
which ions were randomly dispersed, resulting in a total
number density of p = 0.85 6. To remove any strong
overlaps between neighbors, we minimized each system using
the steepest descent algorithm followed by the conjugate
gradient algorithm, both with a relative error of 1 X 107>, All
particles were randomly imparted with a velocity correspond-
ing to a Gaussian distribution yielding T* = 1.0 kzT/¢ for both
linear and rotational degrees of freedom. Each system was
equilibrated for 1.5 X 10° 7 with a timestep 0.01 7 in an NVT
ensemble using the Nosé—Hoover thermostat on both linear
and rotational degrees of freedom.*** Each system was run an
additional 5 X 10° 7 to produce trajectories for further analysis.
We reported the positions of each particle every 5 7. We ran
each system at a given value of @,, Ap/puge, and €45/ (kgT) in
triplicate with unique starting configurations and assignments
of linear and angular velocities.

B RESULTS AND DISCUSSION

Determining Blend Miscibility. We first examined the
miscibility of the polymer blend electrolytes. At first, we sought
to qualitatively infer miscibility by visually examining snapshots
of the blend electrolyte simulations. We can see in Figure 1A—
C, which shows snapshots of blends with a modest polarity
contrast of Au/ g = 0.4, that low- and high-polarity polymers
seem to increasingly phase segregate with increasing e,p/
(ksT), which aligns with intuition derived from Grest et al.”*

We next sought to more quantitatively describe phase
segregation in each of these simulations by employing some
measures that quantifies the correlations between each
monomer type. Usage of a linear density profile has found
good success in the previous simulation literature to locate the
boundaries between different phases in lamellae-forming block
copol}rmel's.45_48 However, as can be seen in Figure 1B, the
two phases do not necessarily align themselves perpendicular
to a given direction in the simulation box, a necessary
precondition for such an analysis. A more appropriate measure
is the partial structure factor S,5(g) and the Fourier transform
of the radial distribution function between monomer beads of

types A and B gug(r)

® sin gr

r*w(r) [gAB(r) — 1]dr

Sap(q) = SWPxAxB/
0 qr (11)

where x; is the mole fraction of species type i and p is the total
system number density (0.85 67*). The revised Lorch window
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w(r) was used to eliminate the cutoff ripple artifact due to
gas(r) not approaching unity at large r and was defined as

()G

where L is the box length of each simulation.”” As the
maximum distance r in gup(r) is limited to L/2, we set the
minimum q,;, = 27/ (L/2) 6~". The maximum g was chosen to
correspond to LJ radius of the cation: g, = 27/(0.5) o7

We plot the results of such a calculation in Figure 1D for
Ap/pgo = 0.4. The remaining profiles can be found in Figure
S1. At low incompatibility, this function is smooth with one
clear structural feature located at ~7 67! (d ~ 22/7 = 0.9 0),
which roughly corresponds to monomer—monomer contact.
As incompatibility increases, the S,z(q) profile gains a
sinusoid-like contribution, seen most strongly in the scattering
pattern for &,5/(kgT) = 1.5, which grows stronger with
increasing visually determined phase segregation, as seen in
Figure 1A—C. Given this strong correlation, we intended to
use such a pattern as a proxy to determine if each simulation is
phase-separated.

We noted, however, that this sinusoid-like pattern is
sometimes fairly weak, as observed for the &,5/(ksT) = 1.0
case and others in Figure S1, and is overshadowed by the
majority of the scattering arising from monomer—monomer
correlations. We proposed then to crudely “normalize” the
scattering of higher incompatibility blends by subtracting from
them the scattering profile of their corresponding €,5/(kgT) =
0.5 case, thus keeping only scattering arising from phase
separation, if it exists at all. We expected that phase-segregated
systems would maintain their sinusoid-like pattern after
subtraction, whereas those that are not phase-segregated
would not contain such scattering. An example of such a
“normalization” is shown in Figure 1E, wherein clear repeating
peaks emerge for both electrolytes after subtraction by S,z(q;
exp/(kgT) = 0.5). We fit the first peak to a Lorentzian to
extract the domain sizing. The domain sizing increases with
increasing incompatibility, as we would anticipate larger
volumes of low- and high-polarity polymer-rich phases. We
present normalized S,5(q) profiles for the remaining blends in
Figure S2 and summarize the miscibilities of all blends in Table
1 above. In short, the overall trends from these results suggest
two main results: (A) immiscibility tends to increase with
increasing relative content ®, and (B) lower polarity contrast
encourages mixing.

Determining an lon’s Local Environment. As noted in
the Introduction, the local environment around an ion is a
likely determinant in the synergy between high-mobility and
high-polarity components in blend SMEs, wherein the high-
polarity component solvates the cation and the high-mobility

w(r)
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component provides a low viscosity environment through
which the cation can quickly diffuse.

Toward a validation of the abovementioned hypothesis, we
quantified the local ion environment by using a distance-based
cluster analysis. We calculated a local connectivity matrix m,
which tagged all monomer beads of type A and B within some
distance cutoff of a cation. We chose two cutoffs, 1.80 ¢ and
2.75 o, representative as the extent of the first and second
solvation shells. These shells were chosen as the approximate
cutoffs of the first and second minima of the cation—monomer
g(r), respectively, which are shown in Figure S3 for ®, = 50%.
From m, we count the number of both monomer bead types
(N, Np) to calculate the local relative volume fraction of A: ¢,
= Np/(Ny + Np). From these data, we count all of the
instances of ¢, (N(¢,)) to generate a probability distribution
of a given local volume fraction of A p(¢,)

N(4,)
Z(Z,A N (¢A) (1 3)
In the cases in which there is no monomer bead within the
desired cutoff, they were counted separately and were assigned
a probability p(2) as described above. In all cases p(2) < 107*.

As a summary of these distributions, we also calculated the
average local volume fraction of A

q; _ Z@P(&A)ﬁ,\
A ZﬁAP(&\A) (14)

We plot ¢, as a function of Ap/uzo and e45/(kyT) in
Figure 2A—B for @, = 50%. Results for @, = 25% and ®, =

p(d) =

0.6 - -
{ Ar.=180c | { (B)r,=2750
0.4 - -
< - ]
e ]
0‘Z—II II |I —|I II II
0.0_ I l I — I
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Figure 2. Average relative environment ¢, as a function of polarity
contrast and polymer host incompatibilities &,5/(ksT) using a cutoff
of (A) 1.80 ¢ and (B) 2.75 o. Red, black, and blue bars represent &,5/
(kgT) values of 0.5, 1.0, and 1.5, respectively.

75% can be seen in Figure S4. For the shorter cutoff, as shown
in Figure 2A, we can see that first solvation shell around
cations consist predominantly of high-polarity polymer B (note
that all ¢, < 0.5). Such results and previous findings in
SMEs>>*" and dilute PBEs” are consistent with our
proposition that the high-polarity polymer would be the
favored coordinating species relative to the high-mobility
polymer. As evidenced by the value of ¢, with increasing
incompatibility at a fixed Ap/pgc, these results further suggest
that increasing the incompatibility of the polymer blend causes
ions to more strongly interact with the high-polarity polymer.
We note that, given the total immiscibility at high
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incompatibility, these results more strongly imply that ions
are partitioning into a high—polarity, ion-rich phase, consistent
with previous findings.”*” When we examine the total content
of both the first and second solvation shells, as seen in Figure
2B, we can see that there is an enrichment of the high-mobility
polymer A. As anticipated, it seems that cations are surrounded
by a sheath of the PBE host enriched in polymer A outside its
first solvation shell.

lonic Transport in Polymer Blends. Given the above-
mentioned findings, we sought to quantify ionic transport and
identify its correlations with miscibility and the local ion
environment. To quantify ionic transport, we calculated the
ionic conductivity 4 = aldyg, where @ is the degree of the
uncorrelated motion (see eq 15) and Ayg is the Nernst—
Einstein conductivity (see eq 16). @ is defined as the ratio of
the charge-scaled cross-correlated and self-correlated mean-
squared displacements

¥, 345t = 5(0)1-[x(8) — x(0)])
RO O 0s)

As has been discussed in the previous literature, accurate
calculation of a is challenging because of the poor long-time
statistics of the numerator of eq 15. Instead, we calculate both
the numerator and denominator using short-time statistics,
corresponding to t < 0.05t,,, where t, is the total simulation
time, and we take their ratio to estimate a.”'®%°7* We
calculated Ayg according to the following expression

a = lim
t—> 00

2
e
Ang = ——(N.D. + N,D,

NE VkBT< ch a a) (16)
where V is the system volume and Nj is the number of ions of
type i. The diffusion coefficients D; are calculated by taking the
long-time slope of self-correlated mean-squared displacement

D= tim L LSVl 6) — 0|
t— o0 6I\T, dt j=1 (17)

We plot the results for @ and D; in Figures SS and S6,
respectively, in the Supporting Information.

We display the conductivity A in Figure 3 as a function of
relative composition @, for Ap/pgs of (A) 0.1, (B) 0.4, and
(C) 0.8. We recall our observation that miscible-blend PBEs
had an ion environment most enriched in the high-polarity
polymer within the first solvation shell. Based on the
hypothesis discussed in the introduction, we would expect
that these blend PBEs would have the highest ionic
conductivities relative to more incompatible blend PBEs. We
would further expect that these improved conductivities may
be greater than those of their corresponding pure PBEs. Our
expectations are indeed seen to be validated in the case of
middle- (Figure 3B) and high- (Figure 3C) polarity contrasts.
This effect is strong enough in the highest polarity contrast
systems that the ionic conductivity seems to positively deviate
relative to the linear mixing rule, signified by the black dashed
line.

In contrast to the above findings, we note that in the lowest
polarity contrast blend, A (Figure 3A) slightly worsens with
increasing miscibility (decreasing incompatibility). Given our
previous observations on the influence of incompatibility with
these blend PBEs’ miscibilities and local ion environments
(Figure 2), we would have expected similar behavior to the
highest polarity contrast blends. The deviation of our results
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Figure 3. Ionic conductivity 4 as a function of relative volume
percentage of A @,. Panels represent blend electrolytes at fixed
polarity contrasts Au/pgo of (A) 0.1, (B) 0.4, and (C) 0.8. Red
triangles, black squares, and blue circles represent incompatibility
strengths £,/ (ksT) of 0.5, 1.0, and 1.5, respectively. Error bars shown
are standard deviations and are mostly hidden by their respective
symbols. Filled and hollow symbols represent miscible and immiscible
systems, respectively. Dashed lines represent the linear mixing rule
between the pure blend electrolytes. Increasing compatibility slightly
worsens ionic conductivity in low-polarity contrast electrolytes, as
seen in A, but improves ionic conductivity in higher contrast polarity
electrolytes, as seen in B and C.

from such expectations suggests that there must be some
factors in these blends that differs from the highest polarity
contrast blends. In the subsequent sections, we examine the
roles of polymer dynamics and ion aggregation to understand
the deviations noted in low-polarity contrast blends.

Role of Polymer Dynamics and lonic Aggregation in
the Observed Trends in lonic Transport. We first begin by
examining polymer dynamics in the simulated PBEs. We
calculated polymer dynamics for each polymer type in our
blend electrolyte simulations by first calculating the self-part of
the dynamic structure factor S;(q = 27/5.0 6/, t)

& sin(gllr(t) — 1 (0))l
qliy(t) — r;(O)I

1

S(q, ) = E A

i\ =1 (18)

where i is either a monomer bead of type A or B and N is the

number of polymer beads of type i. We fit S,(q, t) > 0.05 to a
stretched exponential®**°
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S(q, t) = em[—(#)ﬂ} (19)

where £ is a characteristic timescale and f; is the stretching
exponent. We extracted a relaxation rate 7z, ' according to the
following equation

—1
_ t* (1
TR,i = IEF[EJ

where I'(x) is the gamma function with argument .

We present the results of the above calculations in Figure 4
as a function of relative composition ®,. We first observe that
the dynamics of the low-polarity polymers (signified by the
curves with solid lines) are rather insensitive to relative blend
composition, polarity contrast, and host incompatibilities.
These results are broadly consistent with our hypothesis and

(20)
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Figure 4. Polymer relaxation rates 7z ' as a function of relative

volume percentage of A @,. Panels represent blend electrolytes at
fixed polarity contrasts Ay/pge of (A) 0.1, (B) 0.4, and (C) 0.8. Red
triangles, black squares, and blue circles represent incompatibility
strengths €,/ (kgT) of 0.5, 1.0, and 1.5, respectively. Error bars shown
are standard deviations and are mostly hidden by their respective
symbols. Filled and hollow symbols represent miscible and immiscible
systems, respectively. Solid and dashed curves represent low- and
high-polarity polymers, respectively. Increasing compatibility similarly
improves high-polarity polymer dynamics in all electrolytes and has
little influence on the dynamics of the low-polarity polymer,
suggesting that the observed changes in ionic conductivity are less
likely to originate from changes in polymer dynamics.
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previous findings:” the exclusion of ions from the low-polarity
polymer keeps their dynamics unchanged. Second, we observe
that dynamics of the high-polarity polymer improves with
decreasing €,5/(kgT) at a given ®, and Ap/pgs. We
hypothesized that the dynamics near the ion (i.e., the high-
polarity polymer) should improve because of the presence of
the high-mobility polymer in miscible blend PBEs; overall, this
final result suggests that this is indeed the case.

More pertinently, the abovementioned results indicate that
regardless of the contrast between the polymer hosts, the
addition of the low-polarity, high-mobility polymer should
improve the polymer mobilities and hence the ionic
conductivity of the most compatible PBEs. However, the
observed trends, seen in Figure 3, contrast with such
expectations and show that the benefits of high-polarity
plasticization in low-polarity contrast blends is offset by some
other factors. In an effort to rationalize our ionic conductivity
results, we turn to the ionic aggregation properties of these
blend electrolytes.

As a measure of ionic aggregation in our system, we
calculated the average ionic cluster size 7. To determine this
measure, we used a similar distance-based cluster analysis to
the local-ion environment analysis. We again generated a local
connectivity matrix m that tracks cation—anion pairs over the
course of our simulations. A pair is defined as a cation and
anion whose distance is less than 1.25 o, a cutoff chosen based
the minimum of the radial distribution function between these
species calculated in previous work.'””® We then generated a
global connectivity matrix M using an algorithm initially
developed by Sevick et al,”'****"~>? which defines aggregates
of ions connected through the topology defined by the m.
From M, we determined N(n), which is the number of
aggregates of size n (n = 1 is a free ion). We calculated the
average ionic size 711 according to the following equation

SN (n)n
SN (n)n

(21)

The results of the above calculation are displayed in Figure 5
as a function of relative composition ®,. From these results,
we can see that ionic aggregation remains essentially the same
or is slightly improved with decreased incompatibility between
hosts in middle- (Figure SB) and high- (Figure SC) polarity
contrast electrolytes. Consistent with our hypothesis, we also
note that jonic aggregation is much more characteristic of the
high-polarity host B at most compositions in both miscible and
immiscible blends. We thus conclude that consistently low
ionic aggregation in higher polarity contrast blends thus
couples ionic transport to the dynamics presented in Figure 4,
leading to the improved ionic conductivity observed in Figure
3.

However, the abovementioned observations change in the
case of lowest polarity contrast blend PBEs (Figure SA). In
particular, ionic aggregation worsens with decreasing incom-
patibility at all compositions. We additionally observe that
ionic aggregation at intermediate compositions seems to be a
mixture of aggregation from both pure electrolytes, in contrast
to the higher polarity contrast electrolytes. We note that the
lowest polarity contrast blend was chosen so that the high-
polarity polymer B only slightly better solvates ions in
comparison to its blend partner. Improving miscibility brings
polymer A into more contact with ions. Because of the already
weak interactions between B and ions as well as the increased
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Figure S. Average ionic aggregate size 7 as a function of relative
volume percentage of ®,. Panels represent blend electrolytes at fixed
polarity contrasts Au/pgo of (A) 0.1, (B) 0.4, and (C) 0.8. Red
triangles, black squares, and blue circles represent incompatibility
strengths £,/ (ksT) of 0.5, 1.0, and 1.5, respectively. Error bars shown
are standard deviations and are mostly hidden by their respective
symbols. Increasing compatibility worsens ionic aggregation in low-
polarity contrast electrolytes, as seen in A, while having a little effect
in higher contrast electrolytes, as seen in B and C. This suggests that
worsened ionic conductivity, as shown in Figure 3A, arises from
extensive ionic aggregation.

concentration of A near ions, aggregation worsens with
decreasing €45/ (ksT) at fixed @,. Overall, these results suggest
that the observation in Figure 3 that ionic conductivity slightly
worsens in the lowest polarity contrast systems is due to the
extensive ionic aggregation present in low-polarity contrast
electrolytes.

Finally, because 4 « a).D, aggregation can influence A
through either a or D;. From the results displayed in Figure S6,
D; follows the trends seen for A in Figure 3. Such an
observation, in conjunction with the abovementioned dis-
cussion, suggests that ionic aggregation directly impacts the ion
mobilities and thereby the ionic conductivities. Surprisingly, we
observe that a (Figure SS) actually increases with &,5/(ksT)
for all Au/ g, which contrasts with the results of our previous
work which has noted a and ionic aggregation to be inversely
correlated with each other.”'®*® To rationalize the results of
our present study, we note that because ionic aggregation is a
static measure while @ is a dynamic property, there is no a
priori reason why they must be correlated with each other in all
cases. As an example, Fong and co-workers saw that static and
dynamic measures of ionic aggregation did not necessarily
correlate with each other.’” Inspired by their work, we
calculated the cationic diffusion length, defined as
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L. = /6D, where 7 is the ion-pair association time (see
eqs S1—S3). Such a dynamic measure can be interpreted as the
length scale over which a cation typically diffuses while
remaining associated with a counteranion. We expected cations
to remain associated with anions over shorter length scales in
electrolytes with less-correlated ionic motion. Indeed, as can be
seen in Figure S7, L, seems to be roughly inversely correlated
with @. These low-polarity electrolytes in which static ionic
aggregation worsens while o improves maintain a relatively low
dynamic correlated motion L. (red triangles), which may
explain such a trend.

B CONCLUSIONS

In summary, inspired by the success of small-molecule battery
electrolytes, we hypothesized that polymer electrolytes
consisting of a miscible blend of a high-mobility component
and a high-polarity component would experience improve-
ments in ionic transport in comparison to their immiscible
counterparts. We proposed that this would arise due to a
synergy between the two hosts. First, the high-polarity polymer
would strongly coordinate ions, leading to low ionic
aggregation consistent with pure electrolytes consisting of
only high-polarity polymer. Second, the high-mobility
component, excluded from this interaction, would improve
electrolyte dynamics. Together, these two effects would
improve ion transport.

To validate the above hypothesis, we simulated a set of
coarse-grained, ternary polymer-polymer-salt blend electro-
lytes. We found that, in sufficiently high-polarity contrast
electrolytes, our expectations were confirmed: ionic con-
ductivity increases with decreasing incompatibility (increasing
miscibility). The local environment around cations was
enriched in the high-polarity polymer even in miscible blends,
which yielded ionic aggregation consistent with an electrolyte
containing only the high-polarity polymer. The excluded high-
mobility component improved the dynamics of the electrolyte,
thereby improving ionic mobility.

In contrast to the above results for high-polarity contrast
blends, the results for the lowest polarity contrast electrolytes
did not accord with our hypothesis. Although we observed
improvements in electrolyte dynamics similar to their higher
polarity contrast counterparts, ionic aggregation worsened in
low-contrast electrolytes with decreasing incompatibility. We
rationalized such results by suggesting that improving
miscibility brings polymer A into more contact with ions.
Because of the already weak interactions between B and ions as
well as the increased concentration of A near ions, aggregation
worsens with decreasing €45/ (kgT) at fixed ®@,. Such behavior
slowed ionic diffusion, yielding the observed trend in ionic
conductivity.

Our work suggests that improvements in polymer electro-
lytes can be made by blending two hosts. To achieve an
enhanced conductivity, the requirements are twofold: first,
there must be sufficiently high polarity contrast between the
two hosts; second, the polymers must remain miscible with
each other. The first requirement is relatively easy to meet:
many polyethers have low dielectric constants and low glass-
transition temperatures.”'® Modifications of these materials to
improve polarity can likely be achieved through the addition of
functional groups, such as carbonyl, sulfonyl, or cyano
groups.”’ As shown by Kumar and others, increasing polarity
contrast between the hosts is likely to decrease PBE
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C T 32,33,62 ;
miscibility.””””°" Thus, to meet the second requirement,

strategies to improve miscibility, such as adding hydrogen
bonding moieties along the polymer backbone™ or using salt
to compatibilize particularly high-contrast blends,” should be
employed.
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