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Additional Methods

Ion Speciation

Free lithium ions, solvent-separated ion pairs (SSIPs), and contact ion pairs (CIPs) or larger

aggregates (AGG) were identified from the cation-anion (Li+-S (SO –
3 )) radial distribution

functions (RDFs), plotted for each concentration in Figure S1. A lithium ion is considered

part of a CIP or AGG if there is at least one sulfonate anion, specifically the sulfur atom,

within the cutoff distance defined by the minimum after the first peak in the Li+-S (SO –
3 )

RDF (4.5 Å for all concentrations). SSIPs were defined analogously using the minimum after
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the second RDF peak (9.5-9.7 Å), and free lithium ions were those without any anions within

the SSIP or CIP cutoff distances. Analysis of larger aggregate structures was undertaken

with the aid of the Python package NetworkX,S1 and visualizations of the most common Li+

solvation environments were generated using the software Cytoscape.S2
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Figure S1: Lithium-sulfur (SO−3 ) radial distribution functions (left axis) and coordination
numbers (right axis) at each concentration studied.

Polymer Conformation

Polyelectrolyte chain size was characterized using both the end-to-end distance as well as

the radius of gyration, the latter of which is determined using:S3

R2
g =

1

M

〈 n∑
i=1

mi

∣∣ri − rpoly,cm
∣∣2〉 (1)

where n is the total number of atoms in the chain, M is the total mass of the polymer, mi

is the mass of atom i, ri is the position vector of atom i, and rpoly,cm is the position vector

of the polymer center of mass.

While a number of models exist to calculate the persistence length Lp of a polyelectrolyte
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chain,S4,S5 the data presented in this work are calculated based on the orientational correla-

tion function G(l), which characterizes the orientational memory along the chain backbone:S6

G(l) =
1

Nb − l

Nb−l−1∑
s=0

〈
ns · ns+l

〉
(2)

Here ns is the unit vector originating at backbone atom s and pointing along the polymer

backbone, Nb is the total number of bonds in the polymer backbone, and l is the number

of bonds separating unit vectors ns and ns+l. The angular brackets denote an average of

all chain conformations over time. To convert this orientational correlation function into a

persistence length, it has been recently suggested that G(l) should be fit to a biexponential

function,S6–S8

G(l) = (a)exp

(
− |l|
Lp

)
+ (1− a)exp

(
− |l|
Lshort

)
(3)

which is in good qualitative agreement with our calculated G(l) functions. The first expo-

nential decay constant, Lp, is the total persistence length of the chain, which is the sum of

the intrinsic persistence length of the uncharged chain as well as the electrostatic persistence

length. It is this Lp value which is the subject of our analysis in this work. The decay con-

stant of the second exponential, Lshort, describes additional orientational correlations present

at short length scales, and a is an additional fitting parameter.S9

Diffusion Coefficients

Diffusion coefficients of lithium ions and the polyelectrolyte center of mass were calculated

based on the mean-square displacement (MSD, 〈∆r(t)2〉),

〈∆r(t)2〉 =
1

N

〈 N∑
i=1

∣∣∣∣ri(t)− ri(0)− [rcm(t)− rcm(0)]

∣∣∣∣2〉 (4)

where N is the total number of atoms/molecules, ri(t) is the position vector of species i at

time t, and rcm is the position of the center of mass of the entire system, which we include
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to correct for any drift in the center of mass of the simulation box. The angular brackets

indicate the average over all time origins within the trajectory. From the MSD, the Einstein

relation can be used to compute the self-diffusion coefficient D:

D =
1

6
lim
t→∞

d

dt
〈∆r(t)2〉 (5)

For an equilibrated system at sufficiently long simulation times, the system should be in the

diffusive regime such that the MSD curve is linear with respect to time. That is, 〈∆r(t)2〉 ∝

tβ, with β = 1. We ensure that all simulations in this work are run sufficiently long to

achieve this linear behavior: we calculate average β values of 0.97 for Li+ (ranging from

0.95 to 1.01) and 0.98 for the polyion center of mass (ranging from 0.87 to 1.06). Note

that the statistics for the polymer are slightly inferior to that of the lithium ion: for Li+ we

average over all 43 ions in the system, which cannot be done for our single polymer chain.

Nevertheless, our ranges of β are commonly accepted to be sufficiently linear for diffusion

coefficient analysis.S10 Figure S2a demonstrates this linear behavior for both the lithium ions

and polymer for a representative simulation.

Figure S2: Representative examples of the linear behavior required to calculate (a) diffusion
coefficients and (b) ionic conductivity. A slope of one (corresponding to linear data on a
log-log plot) is indicated on each plot. The effective ”mean square displacement” on the
y-axis of panel (b) is the quantity in angular brackets in Eq. (6) of the SI. Data for these
plots was for the system at a concentration of 0.85 M.

Note that data for our trajectory analysis has been collected every 20 ps. As a result, any
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non-Fickian diffusive processes present at very short times are not clearly shown in the MSD

curve of Figure S2a. As noted in previous MD simulations of polyelectrolytes, at short times

we expect to see a ballistic regime with a log-log slope of 2, followed by a sub-diffusive regime

with a slope less than one before finally reaching the Fickian regime with a log-log slope of

one.S11 To demonstrate that we do indeed observe these phenomena, we have performed a

simulation collecting data every 10 fs and plotted the polymer center of mass MSD data in

Figure S3.

Figure S3: Short-time behavior of the polymer center of mass mean-square displacement for
the system at a concentration of 0.85 M.

Ionic Conductivity

Ionic conductivity σ can be calculated from the following relation:

σ =
1

6kBTV
lim
t→∞

d

dt

〈∑
i

∑
j

qiqj[ri(t)− ri(0)] · [rj(t)− rj(0)]

〉
(6)

where qi is the charge of species i, kBT is the thermal energy, and V is volume. This

Einstein relation is derived from the Green-Kubo equation relating ionic conductivity with

the microscopic charge current.S12,S13

As is the case with diffusion coefficient calculations, a mathematically rigorous analysis

of the conductivity requires the term enclosed in the angular brackets of Eq. (6) to be linear
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in time. The simulations performed here all reached the linear regime, with β values (defined

as the extent of linearity analogously to the diffusion coefficient analysis above) between 0.84

and 1.04 for all concentrations. Results from a representative simulation are shown in Figure

S2b.

The ionic conductivity can be decomposed into separate terms, each corresponding to a

different type of uncorrelated or correlated ion motion, namely the cation-self (σscat), anion-

self (σsan), cation-distinct (σdcat), anion-distinct(σdan), and cation-anion-distinct (σdcat,an) con-

ductivities.

σ = σscat + σsan + σdcat + σdan + 2σdcat,an (7)

These various conductivity contributions are defined as:

σscat =
1

6kBTV
lim
t→∞

d

dt

〈∑
icat

q2icat [ricat(t)− ricat(0)] · [ricat(t)− ricat(0)]

〉
(8)

σsan =
1

6kBTV
lim
t→∞

d

dt

〈∑
ian

q2ian [rian(t)− rian(0)] · [rian(t)− rian(0)]

〉
(9)

σdcat =
1

6kBTV
lim
t→∞

d

dt

〈∑
icat

∑
jcat 6=icat

qicatqjcat [ricat(t)− ricat(0)] · [rjcat(t)− rjcat(0)]

〉
(10)

σdan =
1

6kBTV
lim
t→∞

d

dt

〈∑
ian

∑
jan 6=ian

qianqjan [rian(t)− rian(0)] · [rjan(t)− rjan(0)]

〉
(11)

σdcat,an =
1

6kBTV
lim
t→∞

d

dt

〈∑
icat

∑
jan

qicatqjan [ricat(t)− ricat(0)] · [rjan(t)− rjan(0)]

〉
(12)

Due to challenges in reaching the linear regime for some of these self- and distinct-conductivity

terms, the derivatives in Eq. (8) - Eq. (12) were approximated by finite difference at t = 2

ns and t = 0 ns. Note that averaging is performed over all time origins in the trajectory (as

denoted by the angular brackets in these equations). Hence the analysis averages the system

behavior for all time differences of 2 ns within the entire 40 ns simulation. It was ensured

that the choice of upper time bound in the finite difference calculation did not appreciably
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affect any trends as a function of concentration.

Diffusion Mechanism

The diffusion mechanism of species i relative to species j (i.e. structure-diffusion versus

vehicular motion) was evaluated by calculating the lifetime correlation function, Pij(t):
S14,S15

Pij(t) =
〈
Hij(t)Hij(0)

〉
(13)

Here Hij(t) is one if i and j are neighbors at time t and zero otherwise. Two species are

considered neighbors if they are within a given cutoff distance. In this work, we calculate

Pij(t) for three species pairs: Li+-O (DMSO), Li+- S (SO –
3 ), and S (SO –

3 )-O (DMSO). The

cutoff distance for these pairs was defined as the minimum after the first peak of the RDF to

capture the first coordination shell. Additionally, the lifetime correlation function of lithium

relative to sulfonate anions in the second coordination shell (i.e. solvent-separated ion pairs)

was calculated by deeming two ions neighbors if the distance between them is between the

first and second minima of the Li+-S (SO –
3 ) RDF.

The lifetime correlation function Pij is subsequently converted into a residence time τij

of i and j neighbor pairs via a biexponential fit:S16

Pij(t) = αexp

(
−t
τij

)δ
+ (1− α)exp

(
−t

τij,short

)
(14)

where τij, τij,short, α, and δ are fitting parameters. The first term in this expression gives

the relevant residence time for inferring diffusion mechanisms, while the second term can be

attributed to sub-diffusive processes at shorter timescales. The parameter δ varies between

0 and 1, with deviations from unity corresponding to the presence of multiple modes of

diffusion with different timescales.S17 Here we observe δ > 0.99 for all pairs of species, with

the exception of Li+- S (SO –
3 ) (CIP), where δ varied between 0.8 and 1.

Finally, this residence time is expressed as a characteristic diffusion length Lij by incor-
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porating the diffusion coefficient of the solvent:

Lij =
√

6Dsolventτij (15)

This conversion corrects for the effect of changing overall solution viscosity across concen-

trations, enabling accurate comparison of diffusion mechanisms.

Statistical Error Analysis

Statistical error values were obtained through a combination of independent simulation repli-

cates and time averaging of individual simulations. Note that these are statistical errors due

to the inherently limited sampling of an MD simulation, not errors arising from the model

itself such as the choice of force field parameters.

The majority of the error data reported herein are obtained through block averag-

ing.S13,S18,S19 For a given dynamical quantity, such as the fraction of free Li+ ions or the

polymer radius of gyration, we can calculate the statistical uncertainty of the average value

by computing the variance of multiple statistically independent observations of the quan-

tity. Simply evaluating the variance of the data at every snapshot of the trajectory will

underestimate the true error due to the inherent correlations within the system. Thus, to

calculate the true statistical error, we must split the simulations into uncorrelated blocks,

then compute the mean value of our quantity of interest for each block. Our final estimate

of the uncertainty is then the standard deviation of these blocked averages (including both

those from the same simulation as well as those from the independent duplicate run). The

block length which yields uncorrelated data is not known a priori, so the error is plotted

over a range of block lengths, as in Figure S4. When the error becomes independent of block

length, a suitable block length has been reached such that each block is uncorrelated from

the rest.

Block averaging could not be performed for some quantities of interest (the self- and
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distinct-conductivities as well as the ion aggregate size distributions) due to poor statistics;

proper fits to the data could only be obtained using the full 40 ns trajectory. For these

quantities, the reported error bars are the standard deviation of the two independent 40 ns

duplicates.
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Figure S4: Representative example of block averaging technique. (a) Fraction of free lithium
ions as an example of a system property which fluctuates over time. (b) Average value with
standard deviation as a function of block length.

Table S1: Details on simulation setup at each concentration.

Li+ Concentration
(mol/L)

Number of
Solvent Molecules

Simulation Box

Length (Å)

0.05 12108 112.87
0.10 6054 89.81
0.19 3027 71.70
0.47 1211 53.87
0.85 605 43.88
0.98 505 41.82
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Figure S5: Structure of the PAGELS polyelectrolyte. In this work, n = 43.

S10



Figure S6: Transport data for simulations using one polymer chain (identical to the data
shown in the main text) and using two chains at the two highest concentrations studied.
(a) Diffusion coefficients. (b) Ionic conductivity and transference number. (c) Fractional
contributions of each type of uncorrelated (self) or correlated (distinct) ion motion to the
total conductivity.

Figure S7: Experimental and computed ionic conductivity normalized by the conductivity
at 0.05 M. Overlap of the two curves demonstrates that the simulations have adequately
captured the trend in conductivity.
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Figure S8: Residence time (characteristic time travelled together by a pair of neighboring
species before separating) as a function of concentration for various species.

Figure S9: Full 40 ns trajectory of the representative lithium ion shown in Figure 4b of the
main text. The zoomed-in portion of the trajectory is identical to that of Figure 4b.
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Figure S10: Transport number (tNMR) calculated from both experimental and simulated
diffusion coefficients using Eq. (5) of the main text with z− = −1. Experimental data are
taken from Buss et al.S20

Figure S11: Demonstration that ionic conductivity trends can be equivalently analyzed
considering the motion of individual anions or the polymer center of mass. (a) Molar con-
ductivity, (b) electrophoretic mobility, and (c) cation transference number obtained through
both of these analysis methods.

Figure S12: Fractional contributions of each type of uncorrelated (self) or correlated (dis-
tinct) ion motion to the total conductivity.
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Figure S13: Electrophoretic mobility of the PAGELS polymer and lithium ion as a function
of concentration. The absolute value of the data is shown, as the anionic polymer mobility
is negative.
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