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The shuttle of PSs to the anode can also be reduced by adding
dopants or additives to the graphite. Those dopants and additives
can adsorb PSs from the electrolyte, allowing further lithiation of
the PSs [13 20]. Other strategies consist of covering the sulfur with
a polymer that allows Li ion diffusion and consequently encapsu
lating the PSs inside the polymer or graphite [21 37]. Also, another
alternative is to create an in situ solid electrolyte interphase (SEI) in
the cathode. This SEI in the cathode is formed due to the reactions
between the solvent and salt, where the salt removes H from the
solvent in an environment with a depletion of electrons [38 41].
The attack of the salt on the solvent will allow the polymerization
of the solvent in the cathode. Although the capacity of the LSBs
using graphite as host materials can be improved by different
methods, the interaction between the graphite and sulfur occurs
through weak forces of van der Walls interactions.

One substitute of graphite as a host material is the SPAN, which
indicates to improve the cyclability of the LSBs compared with gra
phite and also behaves as active material. Differently than in gra
phite, the interaction between the sulfur chains and the polymer
backbone is through chemisorption [42 47]. SPAN is synthesized
from polyacrylonitrile (PAN) and sulfur removes H from the poly
mer, producing H2S. With the removal of the H from the polymer,
p conjugated units are formed in the backbone, and the number of
N C S units increases [48 51]. Moreover, the SPAN presents a con
ductive behavior due to the p conjugated units. Furthermore, the
process presents the formation of 2 pyridylthiolates and thioa
mide, thus, we can assume a reasonable structure of the SPAN’s
backbone. The performance of the battery using SPAN can be
affected by the temperature and sulfur content during syntheses.
Moreover, the performance of the LSBs can be affected by the sol
vent composition and additives in the cathode that behave as sul
fur [45,52,53].

In the literature, density functional theory (DFT) indicates that
the longer is a sulfur chain, the more stable is the chain in the back
bone. Also, when the sulfur chains increase, more stables are the
ring like structures within the backbone [49]. Moreover, the lithi
ation of the sulfur chain suggests cleavage of the sulfur bond, and
the energy to extract the PS from the polymer to the electrolyte is
higher than 2 eV, however, the calculations were set without the
presence of the solvent [50]. During the syntheses of SPAN, hydro
gen can be removed from the cyclized polyacrylonitrile (cPAN)
backbone without a sulfur chain being attached to the polymer,
creating an Cuc in the polymer backbone. During vulcanization,
the hydrogen removed from the polymer reacts with sulfur to pro
duce hydrogen sulfide (H2S) [54,55]. Also, a cleavage of C S bond
during cycles suggests the formation of Cuc in the backbone. The
change in the amount of the C S bonds observed by Archer et al.
[56] corroborates with the assumption of the existence of Cuc in
the backbone [56,57]. The solvent species affects the specific
capacity of the LSBs using SPAN as host material [54,58]. Different
structures of SPAN have been debated, including the sulfur chain
being connected to different parts of the same polymer backbone
or different polymer chains. Although polysulfide can be formed
in SPAN, the material shows good cyclability and stability
[51,54,59].

In our preview study [60], we observed that the PS, initially sol
vated in the electrolyte, can be captured by the polymer backbone,
and the solvent can decompose in the presence of a Cuc. The cap
turing process occurs in the presence of a sulfur site SPAN and
by a Cuc, i.e., cPAN missing a hydrogen termination. The capturing
process can involve cleavage and recombination of S S bonds, the
tendency is the PS forms a linear sulfur chain bonded to the cPAN.
However, the presence of a salt, such as lithium bis(trifluorometha
nesulfonyl)imide (LiTFSI), can affect the capturing process of the
PS. The salt can increase the time for the sulfur chain to be
completely reconstructed, increasing the lifetime of the sulfur
fragments. Our studies also suggest that cPAN acts as an active
material, and not only as a host material, as the polymer backbone
can remove at least one Li ion from a PS. Experimental results pro
posed by Ming et al. suggest that nitrogen in cPAN can adsorb Li
ion in place of sulfur [61]. Furthermore, cPAN within a Cuc can
decompose the solvent, cleaving C O bound sulfur chains and pro
ducing a new ramification on the backbone.

This paper aims to investigate the effects of a new Cuc in the
SPAN backbone, with the Cuc set around an absorbed PS. Also, we
examined the reactions between the cPAN and the electrolyte,
using all electrons basis set density functional methods (DFT)
methods in the gas phase. We also studied the structure of the sul
fur chain in the SPAN. This study illuminates how the SPAN struc
tures can affect lithiation sulfur chains, and reveals new structures
developed during cycles due to reactions between electrolyte and
host material containing a Cuc. Additionally, this investigation elu
cidates that cleavage on C S during cycles may be affected by the
lithiation, and consequently possible reactions between solvent
and SPAN.
2. Computational methods

In this work, we used Vienna Ab initio Simulation Package
(VASP) [62,63] code to perform the density functional theory calcu
lations. The projector augmented wave (PAW) pseudopotentials
and plane wave basis were set with an energy cut off of 400 eV
to describe the electrons distribution [64,65]. Generalized gradient
approximation (GGA) functional proposed by Perdew, Burke, and
Ernzerhof (PBE) describes contributions from exchange and corre
lation energies. Van der Waals (vdW) dispersion corrections were
included using the DFT D3 correction method of Grimme et al.,
including the damping formulation of Becke and Jonson [66,67].
Ab initio molecular dynamics (AIMD) simulations were carried
out in the canonical ensemble (NVT) at 330 K, using a time step
of 1 femtosecond and relaxing the ions through Velvet algorithm
[68 70]. A Nosé mass parameter of 0.5 and Gaussian smearing
with a width of 0.05 eV was used to calculate the effect of temper
ature. The charge analysis was performed using Bader calculations
[71].

Some frames were selected from the AIMD to describe the dif
ferent steps observed during the simulations. The energies of those
single point frames obtained from the AIMD were calculated in
such a way that the cPAN and the PS structure were kept rigid,
while the electrolyte molecules were optimized. This procedure
is motivated by the fact that we were mainly interested in the
interaction between PS and cPAN. The optimization restricted to
the solvent was used to minimize the effect of distortions on the
solvents, created by the temperature, but maintaining the same
solvation shell. Thus, changes in system’s the total energy is mainly
due to the reactions between PS and cPAN. All energies’ evolution
is concerning the initial configuration of the PS and cPAN as a ref
erence, where the electrolyte was also optimized.

Before starting AIMD, the solvent molecules were kept rigid and
van der Waals interactions were pre optimized by applying the
consistent valence forcefield (cvff) [72]. Additionally, in this study
longer sulfur chains (S8 and S6) were used to allow the possibility
to form interconnected structures within the polymer backbone.
Commonly a mixture of carbonates or ether based electrolytes
are used together with SPAN [51,54,59]. We consider that, except
reactions directly with 1,3 dioxolane (DOL), changing the solvent
with another similar mixture would minimally affect the results,
as they have similar solvation energies for Li ion and PS. Thus, in
the present study, DOL was chosen as a pure solvent for simplifica
tion. Further investigation should take place to better understand
the effect of the electrolyte when solvation structure considerably
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(in TTE). Therefore, the calculations indicate that the cathode reac
tions will preferentially remove H atoms from the solvents than
from the cPAN. The effects of the solvents over a SPAN cathode,
or salts that can remove H from the solvents (e.g., lithium bromide,
LiBr) are still unclear, as several cathode reactions between an elec
trolyte and SPAN occur. The effect of the electrolyte composition
on the SPAN, or in the battery cyclability, might be further investi
gated experimentally. However, the calculations indicated that sol
vents, such as DOL (33.9 kcal/mol) can easier decompose, as
compared with DMSO (43.1 kcal/mol). Phenomena, such as the for
mation of CEI in the SPAN in the presence of LiBr, to block shuttle of
polysulfide or creation of new Cuc should be correlated with the
capacity to remove H atoms from the solvent. Additionally, we
would expect the decomposition of the solvent and formation of
CEI instead of the formation of Cuc.

The size of the PS dissolved in the electrolyte, as well as the size
of the sulfur chain attached, affect the capacity of the polymer to
capture a dissolved PS (see Fig. S6). Small PS chains (Li2S3) prefer
entially dissolves in a longer sulfur chain attached to the polymer
backbone. For example, the energy for Li2S3 to absorb in S1.PAN
is 43.35 kcal/mol and to absorb in S5.PAN is 53.91 kcal/mol.
The opposite is observed by longer polysulfide chains (Li2S4 and
Li2S6), where the longer chains prefer to absorb in SPAN with a
small chain on the backbone. Moreover, small PS chains (Li2S3)
tend to be easier absorbed than longer PS chains (Li2S4 and
Li2S6). The chain size of the PS tends to decrease with lithiation
to form Li2S, therefore, the simulations indicate a tendency for
the adsorption capacity of SPAN to increase during lithiation.
4 Conclusion

In this study, we observed that in small chains (Li2S6), the sul
fur chain attached to the SPAN does not exchange sulfur with
nearby Cuc or form a close ring structure by bounding to the
Cuc. However, the reactions with the solvent can take place,
decomposing the solvent due to reactions with the Cuc. In con
trast, long sulfur chains (Li2S8) can exchange sulfur when a Cuc

is close enough to the sulfur chain attached to the SPAN back
bone. Additionally, long sulfur chains indicate to improve stability
of the Cuc, because during the 15 ps of simulation no reactions
have been observed between Cuc and DOL. Moreover, the inter
connection between different polymer backbones is possible,
but it is affected by lithiation.

The energy to remove the first hydrogen from cPAN is approx
imately 54.5 kcal/mol, where the weakest H atom is located in
an asymmetric position on the polymer backbone. To remove a
second hydrogen, the energy increases to around 56.5 kcal/mol,
and it is easier to remove H atoms that are not nearby the first
Cuc. Moreover, it is easier to remove H atoms from a solvent
than from the polymer, which indicates that a possible anodic
reaction first decomposes the solvent (e.g., reaction with LiBr as
additive).

The absorption of small PS chains (Li2S3) tends to be stronger
than long chains (Li2S4 and Li2S6). Additionally, Li2S3 prefers to
absorb in longer chains, while Li2S4 and Li2S6 tend to absorb in
smaller sulfur chains attached to the SPAN. The observation sug
gests that the capacity of SPAN to capture PS could change during
cycles, depending on the concentration of each fragment dissolved
in the electrolyte.
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