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Abstract 

Elucidation of elemental redox reactions of sulfur is important for improving the 

performance of lithium-sulfur batteries. The energies of stable structures of Sn, Sn·-, Sn
2-, 

[LiSn]- and Li2Sn (n = 1-8) were calculated at the CCSD(T)/cc-pVDZ//MP3/cc-pVDZ 

level. The heats of reduction reactions of S8 and Li2Sn with Li in solid phase were 

estimated from the calculated energies and sublimation energies. The estimated heats of 

redox reactions show that there are several redox reactions with nearly identical heats of 

reactions, suggesting that several reactions can proceed simultaneously at the same 

discharge voltage, although the discharging process was often explained by stepwise 

reduction reactions. The reduction reactions for the formation of Li2Sn (n = 2-6 and 8) 

from S8 normalized as one electron reaction is more exothermic than that for the 

formation of Li2S directly from S8, while the reduction reactions for the formation of 

Li2S from Li2Sn are slightly less exothermic than that for the formation of Li2S directly 

from S8. This suggests that a two-step discharge curve, where the reduction reactions for 

the formation of Li2Sn (n = 2-6 and 8) from S8 occur first, followed by the formation of 

Li2S, is observed, if reduction reactions with large heat generation are favored. 

 

Introduction 
Lithium-sulfur batteries have been considered promising next-generation secondary 

batteries owing to their high energy density and low cost.1-3 Theoretical energy density 

of lithium-sulfur batteries (2567 Whkg-1) is more than five times greater than that of 

lithium ion batteries (387 Whkg-1 for LiCoO2/C).4,5 Lithium-sulfur batteries have been 

actively studied for the last decade.4,6-12 The dissolution of Li2Sn, which are generated by 

the reduction of sulfur, in the electrolytes of lithium-sulfur batteries is a problem for 

improving the performance of lithium-sulfur batteries. Recently several electrolytes in 

which Li2Sn is insoluble and all-solid-state lithium-sulfur batteries were studied to avoid 

the problem.13,14 Understanding the mechanism of Li2S formation in discharging process 

in lithium-sulfur batteries using such electrolyte that does not dissolve Li2Sn is essential 

for improving the performance of lithium-sulfur batteries.15-19 When discharging, S8 

reacts with Li to form Li2S. The discharging process was often explained by stepwise 

reduction reactions such as S8 -> Li2S4 -> Li2S2 -> Li2S.5,8,9,20,21 But various lithium 

polysulfides (Li2Sn, n=2-8) can be produced during the discharging process. It has been 

pointed out that the intermediate Li2Sn (n = 2-8) play a critical role in both for 

understanding the mechanism of electrode reaction and for improving the performance 

of lithium-sulfur batteries.12 However, it is not easy to reveal the details of the reaction 
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mechanism only by experimental methods. For this reason, computational methods 

were used for investigating the problems arising in the development of lithium-sulfur 

batteries. Density functional theory (DFT) was used for simulating spectra of lithium 

polysulfides,22-25 adsorption processes,26 and dissolution of lithium polysulfides.27 Ab 

initio MD simulations and force filed simulations using ReaxFF were also used for 

studying reaction processes.28-34 Thermodynamic stability of lithium polysulfides were 

studied by DFT calculations.20,21 Assessment of DFT functionals for lithium-sulfur 

battery research based on more reliable CCSD(T) calculations was reported.19 Although 

these studies have provided valuable information for elucidating the reactions in 

lithium-sulfur batteries, the detailed mechanism of the Li2S formation process have not 

yet been well understood. Especially details of the thermodynamics of Li2Sn, which are 

essential for understanding the reduction processes of S8 to Li2S, are not clear. Our 

calculations showed that accurate electron correlation correction is significantly 

important for studying geometries and energies of Sn. Therefore, we studied the stable 

structures and thermodynamics of Sn, Sn·-, Sn
2-, [LiSn]- and Li2Sn (n = 1-8) and discussed 

the heats of various reduction reactions based on CCSD(T) calculations in this work. 

The thermodynamics of Sn (n = 1-7) and Sn·- will be useful for understanding the 

reactions of Sn + 2 Li -> Sn-1 + Li2S and the reduction reactions producing radical 

species, although we do not discuss these reduction reactions in this paper.  

 

Computational methods 
The Gaussian 16 program35 was used for the ab initio molecular orbital calculations. 

The geometries of Sn, Sn·-, Sn
2-, [LiSn]- and Li2Sn (n = 1-8) were optimized at the 

MP3/cc-pVDZ level.36 The energies were calculated at the CCSD(T)/cc-pVTZ level37 

using the optimized geometries. The numbers of initial geometries used for the 

geometry optimizations, which are summarized in Table 1S, increase by the increase of 

the number of sulfur atoms. More than one hundred initial geometries were used for the 

geometry optimizations of S8, S8
- and S8

2- to find the most stable structures, respectively. 

The atomic charge distributions were calculated by electrostatic potential fitting from 

the MP3/cc-pVTZ level wave functions using the Merz-Singh-Kollman scheme. 38,39 The 

solvation energies of S8 and Sn
2- (n = 1-8) were calculated using polarizable continuum 

model40 at the B3LYP/cc-pVTZ level. The heats of sublimation of Li, S8 and Li2S were 

evaluated from the differences between the calculated energies of crystals and isolated 

molecules obtained by DFT calculations using B86R exchange functional with the 

nonlocal correlation functional of vdW-DF2.41 QUANTUM ESPRESSO42,43 was used 
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for the DFT calculations. The cutoff energy in the DFT calculations was 30 Ry (408 

eV).  

 

Results and discussion 
Optimized structures and relative energies of Sn, Sn·-, Sn

2-, [LiSn]- and Li2Sn 
The geometries for various isomers of Sn (1-8), Sn·- (9-16), Sn

2- (17-24), [LiSn]- (25-32), 

and Li2Sn (33-40) (n = 1-8) were optimized. The optimized structures and the relative 

energies of isomers are shown in Figures 1S-34S in supplementary information. The 

energies calculated for the most stable structures are summarized in Table 1. 

 
Effects of basis set and electron correlation 
The basis set and electron correlation correction method used for the calculations of 

geometries and relative energies were selected based on the analysis of the effects of 

basis set and electron correlation correction on the calculations of the isomers of S8.  

The relative energies calculated for the seven isomers of S8 (8a-8g) at the MP3 level 

using several basis sets are shown in Figure 35S. The geometries of the isomers of S8 

are shown in Figure 6S. The most stable structure (8a) has a ring structure. The basis set 

effects on the calculated relative energies for the three stable isomers (8a, 8b and 8c) 

are small, while the basis set effects on the calculated relative energies for other isomers 

are stronger. Especially the basis set effects on the calculated relative energy for 8g, 

which have four parallel S2s, are very strong. The energies calculated for 8g relative to 

8a using large basis sets (cc-pVTZ, cc-pVQZ and aug-cc-pVTZ basis sets) are nearly 

identical, while the other small basis sets underestimate the energy of 8g relative to 8a. 

The relative energies calculated for seven isomers of S8 at the CCSD(T) level are shown 

in Figure 36S. The basis set effects observed in the CCSD(T) calculations are similar to 

those obtained in the MP3 calculations. 

 

The choice of electron correlation correction method has significant impact on the 

calculated relative energies for the seven isomers of S8. The relative energies calculated 

for the seven isomers of S8 with several electron correlation correction methods using 

the cc-pVTZ basis set are shown in Figure 37S. The MP2 calculations fail to reproduce 

the most stable ring structure of 8a. The MP2 calculations show that the most stable 

structure 8g is about 25 kcal/mol more stable than 8a. The agreement of the calculated 

relative energies by the MP3 and CCSD methods with those by the CCSD(T) method is 

much better than the MP2 method. The MP3 and CCSD calculations show that 8a is the 
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most stable. These calculations show that higher order electron correlation correction is 

significantly important for studying stable structures and relative energies of sulfur 

compounds, and therefore we used the MP3 calculations for the geometry optimizations 

and the CCSD(T) calculations for the evaluation of the relative energies in this study. 

 

Structures of Sn (n = 1-8) 
The optimized geometries of various isomers of sulfur (Sn, n = 3-8) and their relative 

energies are shown in Figure 1S-6S in supplementary information. S3 prefers non-linear 

structure (3a), in which the S-S-S angle is 115.9˚, as shown in Figure 1S. The linear 

structure of S3 (3b), which corresponds to a transition state, is 64.2 kcal/mol less stable 

than 3a. The most stable structure of S4 (4a) has eclipse conformation as shown in 

Figure 2S.  The S-S-S angle and S-S-S-S torsional angle in 4a are 105.1˚ and 0.0˚, 

respectively. The distance between terminal S atoms is only 3.190 Å owing to the small 

S-S-S angle and the eclipse conformation. The distance between terminal S atoms is 

significantly shorter than the sum of the van der Waals radii. The short S···S distance 

and the preference of the eclipse conformation suggest the existence of attraction 

between terminal S atoms. The calculated HOMO and HOMO-1 orbitals for 4a are 

shown in Figure 38S. These orbitals connect the terminal S atoms in 4a, which suggests 

the contributions of the orbital-orbital interactions to the attraction. Similarly, the 

HOMO-1 orbital of S4
- (12a) connects the terminal sulfur atoms as shown in Figure 39S, 

while the HOMO and HOMO-1 of S4
2- (20a) do not connect as shown in Figure 40S. 

The trans conformation of S4 (4c) is 8.5 kcal/mol less stable than 4a. S5 prefers a ring 

structure (5a) as shown in Figure 3S. The most stable chain structure of S5 (5b) has 

gauche-gauche conformation, which is 26.2 kcal/mol less stable than 5a. The 

trans-trans conformation of S5 (5c) is a transition state. S6 also prefers ring structures 

(6a and 6b) as shown in Figure 4S. The chair conformation (6a) is most stable. Another 

local energy minimum structure (6c), which has three parallel S2s, is 16.8 kcal/mol less 

stable than 6a. The chain structures (6d and 6e) of S6 are not stable. They are 39.1 and 

41.1 kcal/mol less stable than 6a, respectively. S7 and S8 also prefers ring structures (7a 

and 8a) as shown in Figures 5S and 6S. 8g has four parallel S2s, which is 27.8 kcal/mol 

less stable than the most stable ring structure of S8 (8a). The most stable structures 

calculated for Sn, (n = 3-8) are summarized in Figure 1. Sn prefers ring structures, if n is 

5 or larger. Although the most stable structure of S4 has chain structure, the terminal S 

atoms prefer to have short contact.  
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Structures of Sn·- (n = 1-8) 
The optimized geometries of isomers of polysulfide monoanions (Sn·-, n = 3-8) and their 

relative energies are shown in Figure 7S-12S. S3·- also prefers non-linear structure (11a) 

as in the case of S3 as shown in Figure 7S. The S-S-S angle in 11a is 114.7˚. The linear 

structure of S3·- (11b), which corresponds to a transition state, is 57.4 kcal/mol less 

stable. The most stable structure of S4·- (12a) has eclipse conformation as shown in 

Figure 8S. The S-S-S angle and S-S-S-S torsional angle in 12a are 107.5˚ and 0.1˚, 

respectively. The distance between terminal S atoms in S4·- is only 3.433 Å. Although 

the distance between terminal S atoms in 12a is longer than that in 4a (the most stable 

structure of S4), the S···S distance is still shorter than the sum of the van der Waals radii. 

The terminal S atoms of S5·- have short contact in the most stable structure (13a), which 

has gauche-gauche’ conformation, as shown in Figure 9S. The distance between 

terminal S atoms is 3.124 Å. The S···S distance in 13a is significantly shorter than the 

sum of the van der Waals radii, while it is substantially longer than that of S-S bond. 

The most stable chain structure of S5·- (13b), which has the gauche-gauche 

conformation, is 1.7 kcal/mol less stable than 13a. The trans-gauche isomer of S5·- (13c) 

is 1.8 kcal/mol less stable than 13a. The most stable structure of S6·- (14a) has the 

gauche-gauche-gauche’ (ggg’) conformation as shown in Figure 10S. The terminal S 

atoms in the second stable structure of S6·- (14b) have short contact (2.928 Å). 14b has 

gauche-eclipse-gauche’ conformation. The terminal S atoms in the most stable structure 

of S7·- (15a) and that of S8·- (16a) also have short contacts as shown in Figures 11S and 

12S. The distances between terminal S atoms in 15a and 16a are 3.011 Å and 2.791 Å, 

respectively. The most stable structures calculated for Sn·-, (n = 3-8) are summarized in 

Figure 1. The terminal S atoms in Sn·- prefers to have short contact.  

 

Structures of Sn
2- (n = 1-8) 

The optimized geometries of isomers of polysulfide dianions (Sn
2-, n = 3-8) and their 

relative energies are shown in Figure 13S-18S. S3
2- also prefers non-linear structure 

(19a) as in the cases of S3 and S3·- as shown in Figure 13S. The S-S-S angle in 19a is 

115.1˚. The linear structure of S3
2- (19b), which corresponds to a transition state, is 43.3 

kcal/mol less stable. The most stable structure of S4
2- (20a) has the gauche conformation 

as shown in Figure 14S. The S-S-S-S dihedral angle in 20a is 104.6˚. The trans 

conformation of S4
2- (20b) is 1.6 kcal/mol less stable than 20a, suggesting that 

polysulfide dianions prefer gauche conformation. Another local energy minimum 

structure of S4
2- (20c), which has two parallel S2s, is 17.6 kcal/mol less stable than 20a. 
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The most stable structure of S5
2- (21a) has the gauche-gauche (gg) conformation as 

shown in Figure 15S. The gauche-gauche’ (gg’) conformation of S5
2- (21b) is 3.0 

kcal/mol less stable than 21a. The most stable structure of S6
2- (22a) has the ggg 

conformation as shown in Figure 16S. The conformations of S6
2- including a reverse 

direction gauche bond (22b and 22d) or a trans bond (22c) are less stable than 22a. The 

most stable structures of S7
2- (23a) and S8

2- (24a) have the gggg and ggggg 

conformations, respectively, as shown in Figures 17S and 18S. The most stable 

structures of Sn
2- (n = 3-8) are shown in Figure 1. The most stable structures of Sn

2- have 

the conformation consisting only of gauche bonds in the same direction. 

 

The atomic charges calculated for the most stable structures of Sn
2- (n = 3-8) (Figure 2) 

show that the negative charges mainly distribute on the terminal S atoms. This suggests 

that the longer distance between the terminal S atoms is advantageous for the 

stabilization of Sn
2-. The distance between the terminal S atoms in the gg conformation 

S5 (21a) (6.451 Å) is longer than that in the gg’ conformation (21b) (5.808 Å). The 

distance between the terminal S atoms in the ggg (22a), ggg’ (22b), gg’g (22d) 

conformation S6 are 7.856, 7.353 and 6.567 Å, respectively. The ggg conformation has 

the longest distance between terminal S atoms. In addition, the distance between the 

terminal S atoms in 23a (the gggg conformation S7) and 24a (the ggggg conformation 

S8) are longer than those in other conformations consisting only of gauche and gauche’ 

bonds. This suggests that the long distance between the terminal S atoms in the 

conformations consisting only of gauche bonds in the same direction is the cause of the 

stability of these conformations. 

 

Energy of Sn, Sn·- and Sn
2- relative to S8 

Energies of Sn, Sn·- and Sn
2- (n = 1-8) relative to S8 (8a) per one sulfur atom were 

calculated as summarized in Table 2S. The calculated relative energies are shown in 

Figure 3. The energy of Sn increases as n decreases. The differences among the 

calculated energies per one sulfur atom for long Sn chains (n = 3-8) are less than 9 

kcal/mol (0.4 eV), while shorter Sns are significantly unstable. The energies calculated 

for S1 and S2 relative to S8 are 88.1 and 19.3 kcal/mol (3.82 and 0.84 eV), respectively.  

 

Polysulfide is stabilized by becoming monoanions (Sn·-, n = 2-8, 10-16a). They are 

3.4-7.8 kcal/mol (0.15-0.34 eV) more stable than neutral S8 (8a) per one sulfur atom, 

while S- (9) is 22.5 kcal/mol (0.98 eV) less stable than S8. On the other hand, 
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polysulfide dianions (Sn
2-, n = 1-6, 17-22a) are less stable than S8. Especially S2- (17) 

and S2
2- (18) are unstable. They are 166.5 and 51.4 kcal/mol (7.22 and 2.23 eV) less 

stable than S8, respectively. The S7
2- (23a) and S8

2- (24a) are 1.3 and 2.2 kcal/mol (0.06 

and 0.10 eV) more stable than S8, respectively. 

 

Structures of [LiSn]- (n = 1-8) 
The optimized geometries of isomers of [LiSn]- (n = 1-8) and their relative energies are 

shown in Figure 19S-26S. The triangle structure [LiS2]- (26a) is 33.2 kcal/mol more 

stable than the linear structure (26b) as shown in Figure 20S. The Li atom has contact 

with the terminal S atoms in the stable structure of [LiS3]- (27a) as shown in Figure 21S. 

The Li atom has contact with four S atoms in the stable structure of [LiS4]- (28a) as 

shown in Figure 22S. The Li atom has contact with four S atoms (the two terminal S 

atoms and the two S atoms connected to the terminal S atoms) in the stable structure of 

[LiS5]- (29a) as shown in Figure 23S. The Li atom has contact with four S atoms (the 

two terminal S atoms and the S atoms connected to the terminal S atoms) in the stable 

structures of [LiS6]- (30a) and [LiS7]- (31a) as in the case of [LiS5]- (29a) as shown in 

Figures 24S and 25S. The Li atom has contact with four S atoms (the two terminal S 

atoms and other two S atoms) in the stable structure of [LiS8]- (32a) as shown in Figure 

26S. 

 
The most stable structures of [LiSn]- (n = 1-8) are shown Figure 4. The Li atom has 

contact with the terminal S atoms in the most stable structures of [LiSn]- (n = 2-8). The 

atomic charges calculated for Sn
2- (Figure 2) show that the negative charges are mainly 

distributed on the terminal S atoms. The strong attractive electrostatic interactions 

between the Li and the terminal S atoms are apparently the cause of the contact of the Li 

and the terminal S atoms observed in the most stable structures. Li+ cation has strong 

electric field owing to the small cation size. The strong electric field and the large 

atomic polarizability of sulfur atom suggest that the induction interactions (induced 

polarization) also play important roles in stabilizing the [LiSn]- complexes. 

 
Structures of Li2Sn (n = 1-8) 
The optimized geometries of isomers of Li2Sn (n = 1-8) and their relative energies are 

shown in Figure 27S-34S. The non-linear Li2S (33a) is 0.1 kcal/mol more stable than 

the linear structure (33b) as shown in Figure 27S. The Li-S-Li angle in 33a is 120.8˚. 

Each Li atom has contact with two S atoms in the stable structure of Li2S2 (34a) as 
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shown in Figure 28S. Each Li atom has contact with three S atoms in the stable 

structure of Li2S3 (35a) as shown in Figure 29S. Each Li atom has contact with the 

terminal S atoms and another S atom in the most stable structures of Li2S4 (36a) and 

Li2S5 (37a) as shown in Figures 30S and 31S. Each Li atom has contact with the 

terminal S atoms and another S atom in other stable structures of Li2S5 (37c and 37d) as 

in the case of 37a. 37c and 37d are 4.9 and 6.9 kcal/mol less stable than 37a. Other 

local minimum structures of Li2S5 (37e, 37f and 37g) are significantly unstable. These 

structures are 39-59 kcal/mol less stable than 37a. Each Li atom has contact with the 

terminal S atoms and another S atom in the most stable structures of Li2S6 (38a), Li2S7 

(39a) and Li2S8 (40a) as in the case of Li2S5 as shown in Figures 32S-34S. Li2S7 and 

Li2S8 have several stable structures. The energies of three stable structures of Li2S7 

(39b-39d) relative to 39a are less than 3 kcal/mol. The energies of four stable structures 

of Li2S8 (40b-40e) relative to 40a are less than 4 kcal/mol. 

 

The most stable structures of Li2Sn (n = 1-8) are shown Figure 5. Each Li atom has 

contact with the terminal S atoms and another S atom in the most stable structures of 

Li2Sn (n = 2-8). The large negative charges on the terminal S atoms are apparently the 

cause of the contact of each Li and the terminal S atoms observed in the most stable 

structures. As a result, two Li ions are in contact with each other in the most stable 

structures of Li2Sn (n = 4-8). This shows that the stabilization by the attraction between 

Li+ and Sn
2- overcomes the strong repulsion between Li+ cations.  

 

Heats of redox reactions of Li2Sn 

The heats of reduction reactions of S8 and Li2Sn with Li in the gas phase (DEgas) were 
obtained from the calculated energies of S8, Li and Li2Sn summarized in Table 1. The 

heats of reduction reactions in solid phase (DEsolid) were estimated using the heats of 

sublimation (DEsub) of S8, Li and Li2S shown in Table 2. The details of the estimation 

procedure of the DEsolid are shown in supplementary information. The DEgas and DEsolid of 
80 reduction reactions, which correspond to discharge reactions, are summarized in 

Tables 3S-10S. The DEgas and DEsolid of reverse oxidation reactions, which correspond to 

charge reactions, are summarized in Tables 11S-18S. The DEgas and DEsolid were 

normalized as one electron reactions. The normalized DEsolid correspond to the discharge 

and charge voltage. The reactions were colored according to the magnitude of DEsolid. 

The DEsolid are 0.05 to 0.56 eV greater than the corresponding DEgas. The DEsolid of 80 
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reduction reactions of S8 and Li2Sn (n = 2-8) with Li are in the range of -1.82 to -3.37 

eV.  

 

There are a lot of reduction reactions with nearly identical DEsolid as summarized in 
Tables 3S-10S, which suggests that several reduction reactions can proceed 

simultaneously at the same discharge voltage, although the discharging process was 

often explained by stepwise reduction reactions. 

 

The reduction reaction solely forming Li2S2 from S8 or Li2Sn with Li are shown in Table 

3. The DEsolid of these four reduction reactions are -2.36 to -2.84 eV. In addition to the 
four reactions, a large number of reduction reactions can produce Li2S2 along with other 

Li2Sn. The 40 reduction reactions which can produce Li2S2 are summarized in Table 19S. 

The DEsolid of these reduction reactions are -2.04 to -3.10 eV, which suggests that Li2S2 
can generate in a wide discharge voltage range. A large number of reduction reactions 

can produce Li2S as in the case of the formation of Li2S2. The DEsolid of the reduction 
reactions which can produce Li2S scatter over a wide range (-1.82 to -2.93 eV) as in the 

case of the reduction reactions producing Li2S2, which suggests that Li2S can also 

generate in a wide discharge voltage range. 

 

The reduction reactions whose DEsolid are greater (more negative) than -3.0 eV are 
summarized in Table 4. These reactions produce Li2Sn (n = 2-6 and 8) from S8 or 

produce Li2Sn (n = 3-5) from Li2S8 or Li2S7. The reduction reactions for the formation of 

Li2Sn (n = 3-5, 8) from S8 have large DEsolid (-3.24 to -3.33 eV). They are significantly 

greater than the DEsolid for the direct formation of Li2S from S8 with Li (-2.33 eV). The 

DEsolid for the formation of Li2S7 and Li2S from S8 with Li is small (-2.36 eV). 
 

The reduction reactions solely forming Li2S from S8 or Li2Sn (n = 2-8) are summarized 

in Table 5. Some of these reactions have to occur to complete the reduction of S8 to Li2S. 

The DEsolid of the reduction reactions solely forming Li2S from Li2Sn (n = 2-8) (-1.82 to 

-2.19 eV) are smaller (less negative) than the DEsolid of the reduction reactions for the 
formation of Li2Sn (n = 2-6 and 8) from S8 (-3.00 to -3.33 eV) as shown in Figure 6. 

These results show that the reduction reactions for the formation of Li2Sn (n = 2-6 and 

8) from S8 can have a higher discharge voltage (more exothermic) than the reduction 

reactions solely forming Li2S to complete the reduction of S8 to Li2S. The DEsolid of the 
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reduction reactions solely forming Li2S from Li2Sn (n = 2-8) decrease (becomes less 

negative) with the decrease of n as shown in Table 5.  

 

The reduction reactions for the formation of Li2Sn (n = 2-6 and 8) from S8 is more 

exothermic than that for the formation of Li2S directly from S8, while the reduction 

reactions for the formation of Li2S from Li2Sn are slightly less exothermic than that for 

the formation of Li2S directly from S8. This suggests that a two-step discharge curve, 

where the reduction reactions for the formation of Li2Sn (n = 2-6 and 8) from S8, 

especially for the formation of Li2Sn (n = 3-5 and 8), occurs first, followed by the 

formation of Li2S from the Li2Sn (n = 2-6 and 8), is observed, if reactions with large heat 

generation are favored.  

 

The oxidation reactions for the formation of Li2Sn (2-8) from Li2S are slightly less 

endothermic than that for the formation of S8 directly from Li2S, but the oxidation 

reactions for the formation of S8 from Li2Sn (2-8) are much more endothermic compared 

with that for the formation of S8 directly from Li2S. This shows that the oxidation 

reaction for the formation of S8 directly from Li2S can proceed at the lower charge 

voltage compared with the oxidation reactions for the formation of S8 from Li2Sn (n = 

3-5, 8). 

 

The solvation will have strong impact on the stability of Sn
2-. We have calculated the 

solvation energies for S8 and Sn
2- (n = 1-8) in sulfolane (Esolv) as summarized in Table 

20S. The stabilization of Sn
2- by the solvation is significant. The calculated Esolv for Sn

2- 

(n = 1-8) are -278 to -147 kcal/mol, while the magnitude of Esolv for S8
2- is small (-1.4 

kcal/mol). The magnitude of Esolv for Sn
2- decreases, as the number of sulfur atoms 

increases. Although it is not easy to evaluate the impact of solvation on the energies of 

reduction reactions accurately, the solvation likely to have strong impact if the 

dissolution of Li2Sn occurrs in the discharge process.  

 

Conclusion 

 

The CCSD(T) calculations of Sn, Sn·- and Sn
2- (n = 1-8) show that Sn (5 ≤ n) prefer ring 

structures and the terminal S atoms often prefer to have close contact in the most stable 

structures of Sn·- (4 ≤ n), while Sn
2- (4 ≤ n) prefer chain structures which have the 

conformations consisting only of gauche bonds in the same direction. The atomic 
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charge distributions calculated for Sn
2- show that negative charges mainly distribute on 

the terminal S atoms. The conformations consisting only of gauche bonds in the same 

direction are advantageous for stabilizing Sn
2-, owing to the long distance between the 

terminal S atoms which have large negative charges. The CCSD(T) calculations of 

[LiSn]- and Li2Sn (n = 3-8) show that each Li atoms have contact with the terminal S 

atoms in the most stable structures. As a result, the two Li atoms in the most stable 

structures of Li2Sn are close each other. The strong electrostatic interactions of Li+ with 

negative charges on the terminal S atoms are apparently the cause of the short contact 

between the Li and terminal S atoms. The comparison of the energies of Sn, Sn·- and Sn
2- 

(n = 1-8) per one sulfur atom show that Sn
- (n = 2-8) and Sn

2- (n = 7, 8) are more stable 

than S8. The stability of Sn, Sn·- and Sn
2- (n = 1-8) increases by the increase of the 

number of sulfur atoms. S·- and S2- are significantly less stable compared with Sn·- and 

Sn
2- (n = 2-8).  

 

The estimated DEsolid of the redox reactions show that several redox reactions can occur 

with nearly identical DEsolid, which suggests that several reduction reactions can proceed 
simultaneously at the same discharge voltage, although the discharging process was 

often explained by stepwise reduction reactions. The DEsolid of the reduction reactions 
producing Li2S2 and Li2S scatter over wide ranges, which suggests the possibility of 

Li2S2 and Li2S generation in wide discharge voltage ranges. The reduction reactions for 

the formation of Li2Sn (n = 2-6 and 8) from S8 is more exothermic than that for the 

formation of Li2S directly from S8, while the reduction reactions for the formation of 

Li2S from the Li2Sn are slightly less exothermic than that for the formation of Li2S 

directly from S8. This suggests that a two-step discharge curve, where the reduction 

reactions for the formation of Li2Sn (n = 2-6 and 8) from S8 occurs first, followed by the 

formation of Li2S from the Li2Sn (n = 2-6 and 8), is observed, if reactions with large heat 

generation are advantageous. The oxidation reactions for the formation of Li2Sn from 

Li2S are slightly less endothermic than that for the formation of S8 directly from Li2S, 

but the oxidation reactions for the formation of S8 from Li2Sn are much more 

endothermic compared with than that for the formation of S8 directly from Li2S. This 

suggests that the oxidation reaction for the formation of S8 directly from Li2S can 

proceed at the lower charge voltage compared with the oxidation reactions for the 

formation of S8 from Li2Sn (n = 3-5, 8). 
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TABLE 1. Calculated energies for Sn, Sn·-, Sn
2-, [LiSn]-, Li and Li2Sn

a 

n Sn Sn·- Sn
2- [LiSn]- Li2Sn 

0         Li -7.4327 

1 1 -397.6038  9 -397.7084  17 -397.4789  25 -405.2353  25 -412.7447  

2 2 -795.4271  10 -795.5022  18 -795.3248  26a -803.0276  26a -810.5315  

3 3a -1193.1922  11a -1193.2699  19a -1193.1328  27a -1200.8140  27a -1208.3018  

4 4a -1590.9367  12a -1591.0127  20a -1590.9192  28a -1598.5836  28a -1606.0647  

5 5a -1988.6962  13a -1988.7532  21a -1988.6943  29a -1996.3448  29a -2003.8153  

6 6a -2386.4558  14a -2386.4985  22a -2386.4619  30a -2394.0989  30a -2401.5654  

7 7a -2784.2004  15a -2784.2520  23a -2784.2240  21a -2791.8514  21a -2799.3101  

8 8a -3181.9541  16a -3182.0016  24a -3181.9824  32a -3189.5989  32a -3197.0571  

 
a Energies for the most stable geometries calculated at the 

CCSD(T)/cc-pVTZ//MP3/cc-pVDZ level. Energies are in atomic unit. 
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TABLE 2. Heats of sublimation of S8, Li and Li2Sa 

 DEsub 

S8  1.02 

Li 1.56 

Li2S 4.23 

 
a Heats of sublimation were calculated using a van der Waals density functional. See 

text. Energies in eV.  
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TABLE 3. Heats of reduction reactions solely forming Li2S2 from S8 or Li2Sn with Lia 

 
DEgas DEsolid 

Li + 1/8 S8 -> 1/2 Li2S2 -2.42 -2.84 

Li + 1/6 Li2S8 -> 2/3 Li2S2 -2.14 -2.70 

Li + 1/4 Li2S6 -> 3/4 Li2S2 -2.03 -2.58 

Li + 1/2 Li2S4 -> Li2S2 -1.81 -2.36 

 
a Heats of reactions are normalized as one electron reactions. Energies in eV.  
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TABLE 4. Heats of reduction reactions of S8 and Li2Sn with Lia 

 
DEgas DEsolid 

Li + 1/2 S8 -> 1/2 Li2S8 -3.23 -3.28 

Li + 1/4 S8 -> 1/4 Li2S2 + 1/4 Li2S6 -2.80 -3.10 

Li + 1/4 S8 -> 1/4 Li2S3 + 1/4   Li2S5 -2.94 -3.24 

Li + 1/4 S8 -> 1/2 Li2S4 -3.02 -3.33 

Li + 1/6 S8 -> 1/3 Li2S2 + 1/6 Li2S4 -2.62 -3.00 

Li + 1/6 S8 -> 1/6 Li2S2 + 1/3 Li2S3 -2.65 -3.04 

   

Li +1/2 Li2S8 -> 1/2 Li2S3 + 1/2 Li2S5 -2.65 -3.20 

Li +1/2 Li2S8 -> Li2S4 -2.82 -3.37 

   

Li + 1/2 Li2S7 -> 1/2 Li2S3 + 1/2 Li2S4 -2.60 -3.16 

 
a Heats of reactions are normalized as one electron reactions. Heats of reactions greater 

(more negative) than -3.0 eV are shown. Energies in eV.  
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TABLE 5. Heats of reduction reactions solely forming Li2S from S8 or Li2Sn with Li 

 
DEgas DEsolid 

Li + 1/16 S8 -> 1/2 Li2S -1.84 -2.33 

Li + 1/14 Li2S8 -> 4/7 Li2S -1.64 -2.19 

Li + 1/12 Li2S7 -> 7/12 Li2S  -1.61 -2.17 

Li + 1/10 Li2S6 -> 3/5 Li2S  -1.57 -2.12 

Li + 1/8 Li2S5 -> 5/8 Li2S -1.52 -2.08 

Li + 1/6 Li2S4 -> 2/3 Li2S -1.44 -2.00 

Li + 1/4 Li2S3 -> 3/4 Li2S -1.37 -1.93 

Li + 1/2 Li2S2 -> Li2S -1.26 -1.82 

 
a Heats of reactions are normalized as one electron reactions. Energies in eV.  

 

Page 21 of 27 Physical Chemistry Chemical Physics



 22 

 

 

Figure 1 Most stable structures of Sn, Sn·- and Sn
2- (n = 3-8). 
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Figure 2.  Partial atomic charges calculated for the most stable structures of Sn
2- by 

electrostatic potential fitting. 
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Figure 3 Energies of Sn·- and Sn
2- (n = 1-8) relative to S8 per one sulfur atom. 
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Figure 4 Stable structures of [LiSn]- (n = 1-8). 
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Figure 5 Stable structures of Li2Sn (n = 1-8). 
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Figure 6 Reduction reactions and their heats of reactions per one electron. 
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