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during discharge. Ion solvation in electrolytes is composed of
highly correlated ion−ion and ion−solvent interactions
spanning wide spatial and temporal ranges. Currently, there is
limited understanding of the solvation structure of various types
of PS species (Li2Sx; x = 1 to 8) formed during the discharge
process. Experimental eﬀorts based on spectroscopic techniques have mostly focused on speciﬁc constituents of the
electrolyte and do not comprehensively report the solvation
structure of PS species.7,8 Ab initio based computational
methods have provided valuable insights about the disproportionation and intermolecular association of PSs in Li−S
electrolyte systems.9−12 Nevertheless, comprehensive understanding regarding the evolution of solvation phenomena with
respect to the PS chain length and solvent system remains
elusive. Classical molecular dynamics (MD) simulations are
well suited to obtain the needed molecular level understanding
of nonreactive interactions and dynamics of multicomponent
systems covering larger temporal and lateral scales. As per our
knowledge, there is no previous work on understanding bulk
structural and dynamical properties of PSs using classical
molecular dynamics (MD) simulations mainly due to lack of
eﬀective force ﬁeld parameters.
Various reaction mechanisms have been proposed during the
discharge cycle using DFT calculations,7,13 and spectroelectrochemical techniques,7,14 reporting a variety of possible PS
reaction intermediates (S82−, S72−, S62−, S52−, S42−, S32−, S22−).
Although these diﬀerent PS species are postulated to coexist in
the solution through chemical equilibrium,2 it is nevertheless
likely that their interactions with the salt and solvent are to a
ﬁrst-order approximation independent of each other. Hence, in
this work we focus on understanding the properties of
individual PS species Sx; x = 2 to 8, cognizant of the fact
that they may all be present in the solution at some state-ofcharge (SOC). As the ﬁrst step in this direction, we study the
solvation structure and diﬀusion coeﬃcient of 0.25 M Li2Sx (x

esigning optimal electrolytes is key to enhancing the
performance of energy storage devices,especially relating
to cycle life, eﬃciency, and stability.1 Speciﬁcally, for future
beyond-Li ion energy storage, there is still ample room for
electrolyte improvements. Among the candidates for higher
gravimetric energy storage, the Li−S battery is considered quite
promising, owing to its theoretical speciﬁc energy density
(2600 Wh/kg) and speciﬁc capacity (1675 mAh/g) and
signiﬁcantly lower cost as compared to state-of-art lithium-ion
batteries.2−4 However, despite these attractive attributes,
successful commercialization of Li−S batteries is currently
hindered by poor cycling performance and capacity retention
that is primarily caused by the parasitic reactions between the
Li metal anode and dissolved polysulﬁde (PS) species from the
cathode during the cycling process.3,5 Most of the eﬀorts to
overcome this degradation mechanism has focused on
suppressing the dissolution of PS species and/or protecting
the negative electrode using conﬁnement strategies or
protective layers. However, these additional components not
only fail to block completely the PS species but also restrict the
volumetric energy density.2,6 In contrast, less attention has been
given to designing optimal electrolytes with reduced PS
solubility and improved electrochemical stability. Traditional
Li salts used in Li-ion batteries (eg., LiPF6, LiBF4, LiBOB,
LiBF2C2O4) and solvents (eg., ester, carbonates, phosphates)
are unsuitable for Li−S battery applications due to their
parasitic reactions with PSs.2 Hence, rational selection or design
of the electrolyte is critical in controlling the deleterious shuttle
reactions and protecting the electrode surface. So far, 1 M
lithium bis(triﬂuoromethanesulfonyl)imide (Li-TFSI) in a
binary solvent mixture of 1,3-dioxolane and 1,2-dimethoxyethane (DOL:DME) is considered as one of the most suitable
electrolytes for Li−S cells.2,5 However, despite its wide usage,
the DOL:DME solvent system provides signiﬁcant PS
solubility, which enables the shuttle process and subsequent
parasitic reactions.2 Therefore, to develop electrolytes with low
solubility, high chemical stability, and low viscosity, it is
important to improve our understanding of the solvation
structure and dynamics of the intermediate PS species formed
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2.9 Å followed by a sharp peak at 3.6 Å and a broader shoulder
at 5.4 Å. Similarly, for the Li+−S22− RDF the electrolyte exhibits
a single peak at 2.1 Å with low intensity and a much broader
shoulder at larger distances. The Li+−TFSI− RDF shows two
peaks centered at 3.6 and 4.2 Å indicating a cis-conformation
with bidentate and a trans-conformation with monodentate
arrangements of the Li+−TFSI− interactions, respectively.17
The changes in the RDF of Li+−Li+ and Li+−S22− strongly
indicates that TFSI− anions are competing for interaction with
Li+ and thereby weaken the Li+−S22− interactions leading to a
disruption of the Li+−S22− cluster network. Decrease in the
Li+−Li+ and Li+−S22− coordination numbers and an increase in
Li+−DME coordination number reveals the changes in the local
environment around Li+ with the addition of Li(TFSI) salt in
Li2S2 (Figure S4). As the weakening of the Li+−S22− bond by
TFSI− interactions allows more solvent molecules to coordinate
with Li+ we expect the solubility of Li2S2 to increase. We note
that this eﬀect is in contrast to common ion eﬀect theory,6
which predicts the solubility to decrease with the addition of
salt. Furthermore, a closer look at the Li−solvent interactions
reveals that the linearly structured ether DME has stronger
interaction as compared to the cyclic ether DOL owing to
higher oxygen donor denticity and structural ﬂexibility.18 Such
preferential solvation of DME over DOL for Li+ has also been
reported by NMR experimental techniques. Despite the
weakened Li+−S22− interaction and increased Li+−solvent
interactions due to the presence of TFSI−, the enduring Li2S2
clustering network is likely to limit the solubility of the PS
(Figure S3b).
Another, key parameter which aﬀects the solubility is the PS
chain length; hence we endeavor to understand how the
coordination environment of Li+ and Sx2− changes as a function
of PS chain length. Figure 2a and S5a presents the coordination
between Li+−Li+ as a function of PS chain length in a neat
solvent system (i.e., without Li(TFSI) salt). Well-deﬁned sharp
peaks at shorter distances (<5 Å) and broader peaks at longer
distances (>5 Å) indicate an ordered polymeric structure
present for lower polysulﬁde chains (i.e., Sx with x ≤ 4). In fact,
a well-deﬁned peak at ∼7 Å (Figure S6a) suggests the
formation of a long-range structured Li2S4 cluster with a size of
∼14 Å radius. This ﬁnding is in good agreement with the
eﬀective hydrodynamics radius determined by pulse ﬁeld
gradient NMR (see Figure S7).5
Recent DFT and AIMD results by Partovi-Azar et al.8 also
suggest the preferential tendency of Li2S4 toward forming large
ionic clusters by analyzing cluster size up to (Li2S4)8 due to
computational limitation. As MD simulations are capable of
studying larger length and time scales, we found the largest
cluster formed is (Li2S4)15 even at 0.25 M concentration (see
Figure S8a). For higher order PSs (Sx2− with x > 4), the Li+−
Li+ RDF peaks shifts toward larger distances and for Li2S8 only
a single main peak is observed at 4.1 Å, indicating the absence
of long-ranged clustering (see Figure 2a). By analyzing the
evolution in bonding of Li+−Sx2−, Li+−DOL, and Li+−DME for
various PS species, it is clear that the Li+−Sx2− interaction
weakens with an increase in PS chain length (see Figure S5). In
particular, the Li+ interaction with the inner S atoms changes
and shifts toward larger distances (see Figure S2) showcasing
the ﬂexibility of higher order PSs in accommodating Li+ in their
ﬁrst solvation shell. Nevertheless, the Li+−solvent interaction
(with preferential interaction with DME over DOL) is also
increased at the cost of the Li+−Sx2− interaction strength. Such
pronounced Li+−solvent interaction correlates with the

= 2 to 8) in DOL:DME (1:1) and 0.25 M Li2Sx (x = 2 to 8)
with 1 M Li(TFSI) dissolved in a DOL:DME solvent mixture
using newly developed and well-benchmarked force ﬁeld
parameters. Details of the simulation procedure, force ﬁeld,
and experimental procedure are provided in the Supporting
Information (SI). Note that although previous studies have
reported the formation of sulfur radical anions during discharge,
in this work, we focus on the dianions.7
The present work focuses on three key scientiﬁc studies
pertaining to Li−S electrolytes: (1) how Li-PS intermediates
interact with the solvent molecules and the Li-salt; (2) the
eﬀect of salt addition on solvation structure and dynamics; and
(3) the eﬀect of PS chain length on the structure and dynamics.
We begin our analysis by elucidating the local environment of
Li2Sx in DOL:DME and Li2Sx in Li(TFSI)/DOL:DME using
radial distribution functions (RDF) and coordination numbers
(CN) of Li+−Li+, Li+−Sx2−, Li+−TFSI−, Li+−DOL, and Li+−
DME. Previous studies have reported that the terminal S atom
plays an important role in the PS interactions with Li+.7,15
Hence, the terminal and inner S atom interactions within the
Li+−Sx2− RDF for all PSs (except for Li2S2) are clearly
distinguished (Figure S2). Figure 1a shows the RDF of Li2S2 in

Figure 1. (a) Radial distribution function of Li+−Li+, Li+−S22−, Li+−
DME, Li+−DOL in Li2S2/DOL:DME. (b) Radial distribution function
of Li+−Li+, Li+−S22−, Li+−DME, Li+−DOL and Li+−TFSI− in
(Li2S2+LiTFSI)/DOL:DME.

an equimolar solvent mixture of DOL:DME. We observed very
strong Li+−S22− interactions as indicated by a Li+−S22− RDF
ﬁrst peak at 2.1 Å followed by a shoulder at 4.2 Å. In contrast,
the Li−solvent interaction is quite weak due to (1) the low
dielectric constants of both DOL (ε = 7.0) and DME (ε = 7.2)
and (2) the strong interaction between Li+ and S22−. The RDF
signifying the Li+−Li+ correlation exhibits two sharp peaks
followed by a shoulder at ∼5.4 Å illustrating highly ordered
long-range (>5 Å) structures where the PSs acts as a bridge
between the Li+ ions through Li+···S···Li+ ionic chains. The
snapshot in Figure S3a shows that Li2S2 is not well solvated and
preferentially forms aggregates in the solution. Such agglomeration of Li2S2 is likely to result in an extremely low solubility
of Li2S2 in DOL:DME. Previous experimental studies16 have
also reported weak Li−solvent interaction even in high donor
number solvents such as DMSO (ε = 46.7) resulting in
generally low solubility of Li2S2.16 Hence, strong Li+−S22−
bonding is presumed the primary cause for low solubility of
Li2S2. Furthermore, it is likely that Li salts play an important
role in controlling the solubility of PS intermediates.16 Hence,
to understand how the interaction strength between the Li+ and
Sx2− changes with the addition of Li salt, we computed the RDF
of Li2S2 in a solution with Li(TFSI) in DOL:DME solvent
(Figure 1b). In this solution, although strong Li+−S22−
interactions are still observed, a signiﬁcant change is observed
in the solvation structure around Li+. Instead of two sharp
peaks in the Li+−Li+ RDF, we observe a much smaller peak at
3376
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monodentate conformational arrangements, respectively (Figure 2c). With the increase in PS chain length, the probability of
the bidentate conformation increases at the cost of the
monodentate conformation. The bidentate conformation may
weaken the Li+−Sx2− interaction in longer PS chains by two
mechanisms (1) delithiation of PS anions that will enhance the
solvent interaction with the Li+ ions, and (2) increased oxygen
coordination and steric hindrance from the TFSI− anions.
Figure 2d shows the coordination number of Li+−Li+, Li+−
TFSI−, Li+−Sx2−, Li+−DOL, Li+−DME interactions for the
Li2Sx (x = 2 to 8) + Li(TFSI) in DOL:DME solution. The
terminal S atom is used to compute the coordination numbers
of Li+−Sx2− and the RDF minima at ∼5 Å, which deﬁnes the
ﬁrst coordination shell of the anion including both monodentate and bidentate orientations for Li+−TFSI−. The
coordination number of Li+−Li+ in Li2S2 indicates that each
Li+ has 1.8 (∼2) other Li+ located within a radius of 4.4 Å,
whereas Li2S8 has 0.76 (∼1) other Li+ ions located within 4.6 Å.
It is observed that Li+−Li+ and Li+−Sx2− coordination numbers
decrease with an increase in PS chain length indicating a
signiﬁcant change in Li+ environment. Higher orders PSs are
suﬃcient to provide the desired charge to Li+ ions and the
steric hindrance of PSs result in a lower coordination numbers
for Li+−Sx2− and higher coordination numbers between Li+ and
the solvent. This in turn is expected to increase the solubility of
larger PSs. In particular, the increase in coordination of Li+ with
DME is more signiﬁcant as compared to Li+ with DOL as a
function of PS chain length due to the preferential coordination
of DME with Li+ over DOL as discussed earlier. We ﬁnd that
higher order PSs exist as monomers and show increased
interaction with solvent molecules, which may result in faster
reaction kinetics. In contrast, smaller PSs exist as dimers or
clusters resulting in less interaction with the solvent molecules,
which is likely to slow down the reaction kinetics. As a primary
function of Li−S electrolytes is the eﬃcient transport of ions
between anode and cathode, while suppressing the dissolution
of PS species, it is essential to understand the eﬀect of solvation
structure on the diﬀusion coeﬃcient of ionic species, which in
turns aﬀects the conductivity. The translational dynamics is
studied by extracting the self-diﬀusion coeﬃcient of all ionic
species using MD simulations as well as pulsed-ﬁeld gradient
(PFG) NMR (Figure 3).
Figure S10 shows the self-diﬀusion coeﬃcients of Li+, TFSI−
and Sx2− computed from MD simulations. It is observed that
the diﬀusion coeﬃcients of Li+, TFSI− and Sx2− decrease with
increased PS chain length, which indicates sluggish dynamics of
ionic species and possibly higher viscosity for solutions
containing the larger PSs. Figure 3 shows a comparison
between the self-diﬀusion coeﬃcients obtained from MD
simulations and PFG-NMR. The trends in self-diﬀusion
coeﬃcient are in good agreement; however, the simulation
diﬀusion coeﬃcients are consistently lower than the experimental counterparts owing to the well-known limitation of
nonpolarizable force ﬁelds.19 A signiﬁcant decrease in diﬀusion
coeﬃcients for Li+, TFSI−, DOL as well as DME in Li(TFSI)/
DOL:DME is observed as the concentration of Li(TFSI)
increases for 0.25 to 3 M indicating that high viscosity and low
ionic conductivity can be expected in highly concentrated
electrolytes. For both Li2Sx/DOL:DME and [Li2Sx+Li(TFSI)]/
DOL:DME the self-diﬀusion coeﬃcient of the solutes as well as
solvents decrease with an increase in PS chain length (Figure 3)
again pointing to the high viscosity and low ionic conductivity
of higher order PS solutions. As TFSI− is weakly coordinated to

Figure 2. (a) Radial distribution function of Li+−Li+ in Li2Sx (x = 2 to
8) in DOL:DME. (b) Radial distribution function of Li+−Li+ and (c)
Li+−TFSI− in Li2Sx (x = 2 to 8) + Li(TFSI) in DOL:DME. (d)
Coordination number of Li+−Li+, Li+−TFSI−, Li+−Sx2− (terminal),
Li+−DME, Li+−DOL in Li2Sx (x = 2 to 8) + Li(TFSI) in DOL:DME.

observed higher solubility of longer PS chains in a DOL:DME
mixture.16 Conversely, the extended (∼few nm) polymeric
structure formation can possibly lower the solubility of the
shorter PS chains. This ﬁnding is in good agreement with our
previous results that clustering (through polymerization) of
lower order PSs lower their solubility.11
The eﬀect of PS chain length on the local environment
around Li+ is observed for the case when a Li salt is added to
the solution. Figures 2b and S5b show the RDF analyses of
Li+−Li+ and Li+−TFSI− for Li2Sx (x = 2 to 8) in DOL:DME in
the presence of the Li(TFSI) salt. The solvation structure of Li+
as a function of PS species shows a similar trend as that
observed in the neat solvent system discussed earlier. Multiple
sharp peaks in Li+−Li+ RDF at shorter distances are observed
for shorter PSs (Sx with x ≤ 4), indicating clustering with
extended-range PS structure. On the other hand, the absence of
features at larger distances (>5 Å) in longer PSs represents the
decrease in long-range structures such as aggregates and Li-rich
domains. Hence, we can expect the solubility to increase with
an increase in PS length even in the presence of the salt. The
eﬀect of the addition of Li salt is found to be minimal in smaller
PSs; hence large clusters are still observed for (Li2S4 +
LiTFSI)/DOL:DME solution (Figures S8b and S9). As one of
the dominant PS species during the discharge process,7,13 the
large cluster observed for Li2S4 is likely to increase the
electrolyte viscosity. This increase in viscosity, in turn, may
contribute to the sharp voltage decline observed in the second
region of the discharge proﬁle, where liquid−liquid single phase
reduction from dissolved Li2S8 to low order PSs is observed. As
discussed earlier, the two peaks around 3.5 and 4.2 Å observed
in the RDF of Li+−TFSI− are assigned to bidentate and
3377
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of ionic species, which may negatively impact the ionic
conductivity of the electrolyte. Overall, an improved understanding of the intramolecular interactions in the electrolyte
will aid in designing solutions with limited solubility of
detrimental species, without limiting functional properties
such as ionic conductivity.
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Li+ compared to Sx2−, its diﬀusion coeﬃcient is higher than the
diﬀusion coeﬃcient of Li+ and Sx2− irrespective of the PS chain
length. We note that in all systems considered in this work the
self-diﬀusion coeﬃcients follow the order Sx2− < Li+ < TFSI−.
Furthermore, both NMR and simulation results indicate that
the self-diﬀusion coeﬃcients of Li+, PS anions and solvents are
decreased by the addition of salt as well as an increase in PS
chain length. Although enhanced ionic transport while
maintaining low PS solubility is desirable for high performance
Li−S battery operations, one of the most suitable electrolyte
systems (Li(TFSI) in DOL:DME) exhibits both higher
solubility of larger PS and slower dynamics for larger PS
species. Thus, the recently proposed high concentration (lean)
electrolytes20 may in the case of Li(TFSI): DOL/DME
consequently suﬀer from higher PS solubility and slower
ionic diﬀusion of larger PSs. However, we also note that a more
detailed understanding of the diﬀusion mechanism is required
to understand if an increase in viscosity is fundamentally
problematic in all Li−S electrolytes or if high transference
numbers can balance out these eﬀects.
Optimizing the lithium solvation environment in electrolyte
solutions is key to controlling dissolution of polysulﬁde species.
This work provides insights into the interactions between
solute and solvent molecules in Li−S electrolytes and their
dynamical properties as a function of polysulﬁde species and
lithium salt present in the solution. Our results indicate large
cluster formation in lower order polysulﬁdes, whereas higher
solubility is observed with an increase in polysulﬁde chain
length. Stronger Li+−Sx2− bonding is found to be the primary
cause for the low solubility of lower order polysulﬁdes.
Furthermore, longer polysulﬁde chain lengths correlate with
an increase in Li polysulﬁde−solvent interactions that allows for
higher solubility, which may result in faster reaction kinetics.
The addition of salt (Li−TFSI) weakens the strong Li+−Sx2−
networks due to competing interactions between TFSI− and
polysulﬁde dianions with Li+. This competition results in higher
Li+−solvent interactions and increased solubility, which is
contrary to common ion eﬀect theory. However, highly
concentrated electrolytes might decrease the solubility of
polysulﬁdes. A high salt concentration also reduces the mobility
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