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Vibrational Modes of Sulfur: Sulfur in its crystalline form, particularly in the 𝑭𝒅𝒅𝒅 space group, 

displays unique vibrational characteristics due to its eight-membered ring structure and high 

symmetry in the crystal lattice. The vibrational analysis of sulfur is critical for understanding its 

physical and chemical behavior, particularly in sulfur-based materials. In this study, we utilized 

Raman spectroscopy to investigate the vibrational modes of crystalline sulfur and assigned the 

observed bands based on the D₂h point group symmetry, which corresponds to the orthorhombic 

crystal structure of sulfur in the 𝑭𝒅𝒅𝒅 space group.

Raman spectra were recorded for crystalline sulfur, and the vibrational modes were analyzed using 

group theory based on the D₂h symmetry of the sulfur molecule in the 𝑭𝒅𝒅𝒅 structure. The normal 

modes of vibration were assigned by decomposing the 

vibrational degrees of freedom into irreducible 

representations according to the D₂h character table. 

In the case of crystalline sulfur, there are 8 sulfur atoms in the 

unit cell 

Total degree of freedom=3N = 3 * 8 = 24 (3T 3R 18V) 

Utilizing this information, we will analyze the normal modes 

of vibrations and interpret our experimental data.  

Table S1 Standard character table for 𝐷2ℎ point group symmetry 

𝑫𝟐𝒉 E C2(z) C2(y) C2(x) i (xy) (xz) (zx) Basis 

Functions / 

Mode Types 

Ag 1 1 1 1 1 1 1 1 Symmetric 

stretching 

(z², x², y²) 

B1g 1 1 -1 -1 1 1 -1 -1 In-Plane 

Symmetric 

Twisting/ 

Bending (x²-y²) 

B2g 1 -1 1 -1 1 -1 1 -1 Symmetric out-

of-plane 

bending (xz) 

B3g 1 -1 -1 1 1 -1 -1 1 Symmetric 

torsional modes 

(yz) 

Au 1 -1 1 1 -1 -1 -1 -1 Antisymmetric 

out-of-plane 

motions 

B1u 1 1 -1 -1 -1 -1 1 1 Antisymmetric 

stretching (Rx) 



B2u 1 -1 1 -1 -1 1 -1 1 Antisymmetric 

out-of-plane 

deformation 

(Ry) 

B3u 1 -1 -1 1 -1 1 1 -1 Antisymmetric 

torsional modes 

(Rz) 

 

Where E: Identity operation; C2(z/y/x) (180° rotations around the z, y, and x axes, respectively.) 

i (Inversion (center of symmetry)); σ(xy), σ(xz), σ(yz) (Reflections in the respective planes.) 

Characters (χ) for each symmetry operation in the reducible representation 𝚪𝒗𝒊𝒃 

Construct the Total Reducible Representation (𝚪𝒕𝒐𝒕𝒂𝒍) 

We use the 3N Cartesian displacement coordinates (x, y, z for each atom) as basic functions. 

Symmetry Operations and Characters 

Since all symmetry operations in 𝐷2ℎ are unique (each occurs once), we calculate the character 

(𝛘𝒕𝒐𝒕𝒂𝒍) for each operation based on how the atomic displacement vectors transform. 

1. Identity (E): All atoms remain in place and Each atom contributes 3 (x, y, z displacements). 

χ𝑡𝑜𝑡𝑎𝑙(𝐸) = 8 𝑎𝑡𝑜𝑚𝑠 × 3 = 24                                       (1) 

2. C2 Rotations and Inversion (C2 (z), C2 (y), C2 (x), i): Atoms are moved to new positions; no 

atoms remain fixed. Hence, contribution to the character is zero. 

χ𝑡𝑜𝑡𝑎𝑙(C2 𝑜𝑟 𝑖) = 0                                                                 (2) 

3. Mirror Planes (σ(xy), σ(xz), σ(yz)): Some atoms lie on the mirror planes and remain fixed. 

For each fixed atom: Displacements in the plane: +1 and Displacements perpendicular to the 

plane: -1. Assuming the following atoms lie on the mirror planes: 

• σ(xy): Atoms 1 and 5 

• σ(xz): Atoms 3 and 7 

• σ(yz): Atoms 2 and 6 

Calculating Characters: 

𝛘𝒕𝒐𝒕𝒂𝒍(𝛔(𝐱𝐲)) = 𝟐 × (𝟏 + 𝟏 − 𝟏) = 𝟐                                  (𝟑) 

𝛘𝒕𝒐𝒕𝒂𝒍(𝛔(𝐱𝐲)) = 𝟐 × (𝟏 − 𝟏 + 𝟏) = 𝟐                                   (𝟒) 

𝛘𝒕𝒐𝒕𝒂𝒍(𝛔(𝐱𝐲)) = 𝟐 × (−𝟏 + 𝟏 + 𝟏) = 𝟐                                 (𝟓) 



Table S2 Total characters representation in 𝐷2ℎ point group 

Operations 𝛘𝒕𝒐𝒕𝒂𝒍 

E 24 

C2(z) 0 

C2(y) 0 

C2(x) 0 

i 0 

𝛔(𝐱𝐲) 2 

𝛔(𝐱𝐳) 2 

𝛔(𝐲𝐳) 2 

 

Translational Representation (𝚪𝒕𝒓𝒂𝒏𝒔𝒍𝒂𝒕𝒊𝒐𝒏𝒂𝒍): Basis Functions: x (B3u), y (B2u), z (B1u) 

Table S3 Translational characters representation in 𝐷2ℎ point group 

Operations x (B3u) y (B2u) z (B1u) 𝛘𝒕𝒓𝒂𝒏𝒔𝒍𝒂𝒕𝒊𝒐𝒏𝒂𝒍 

E 1 1 1 3 

C2(z) -1 -1 1 -1 

C2(y) -1 1 -1 -1 

C2(x) 1 -1 -1 -1 

i -1 -1 -1 -3 

𝛔(𝐱𝐲) 1 1 -1 1 

𝛔(𝐱𝐳) 1 -1 1 1 

𝛔(𝐲𝐳) -1 1 1 1 

 

Rotational Representation (𝚪𝒓𝒐𝒕𝒂𝒊𝒐𝒏𝒂𝒍): Basis Functions: Rx (B3g), Ry (B2g), Rz (B1g) 

Table S4 Rotational characters representation in 𝐷2ℎ point group 

Operations Rx (B3g) Ry (B2g) Rz (B1g) 𝛘𝒕𝒓𝒂𝒏𝒔𝒍𝒂𝒕𝒊𝒐𝒏𝒂𝒍 

E 1 1 1 3 

C2(z) -1 -1 1 -1 

C2(y) -1 1 -1 -1 

C2(x) 1 -1 -1 -1 

i 1 1 1 3 

𝛔(𝐱𝐲) -1 -1 1 -1 

𝛔(𝐱𝐳) -1 1 -1 -1 

𝛔(𝐲𝐳) 1 -1 -1 -1 

 

 

 



Table S5 Vibrational characters representation in 𝐷2ℎ point group 

Operations 𝛘𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔 = 𝛘𝒕𝒐𝒕𝒂𝒍 − 𝛘𝒕𝒓𝒂𝒏𝒔𝒍𝒂𝒕𝒊𝒐𝒏𝒂𝒍−𝛘𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔 

E 18 

C2(z) 2 

C2(y) 2 

C2(x) 2 

i 0 

𝛔(𝐱𝐲) 2 

𝛔(𝐱𝐳) 2 

𝛔(𝐲𝐳) 2 

 

Decompose 𝚪𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔 into Irreducible Representations 

We use the reduction formula: 

𝑎𝑖 =
1

ℎ
 ∑ 𝛘𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔(𝑹) × 𝛘𝒊(𝑹) × 𝒏𝑹

𝑅

                                  (6) 

• 𝒂𝒊: Coefficient for each irreducible representation  

• h: Order of the group (8 for D₂ₕ). 

• 𝒏𝑹: Number of operations in each class (1 for D2h). 

𝚪𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏𝒔 = 𝟒 𝑨𝒈 + 𝟐𝑩𝟏𝒈 + 𝟐𝑩𝟐𝒈 + 𝟐𝑩𝟏𝒈 + 𝟐𝑨𝒖 + 𝟐𝑩𝟏𝒖 + 𝟐𝑩𝟐𝒖 + 𝟐𝑩𝟏𝒖                   (𝟕) 

Raman-Active Modes: Sulfur 

➢ Symmetric Representations: 

❖  Ag 

❖  B1g 

❖  B2g 

❖  B3g 

Infrared-Active Modes 

➢ Representations Transforming Like x, y, z: 

❖ B1u 

❖ B2u 

❖ B3u 

Silent mode: Au 



Sulfur octamer (S8), in its crown-shaped conformation, belongs to the 𝐷2ℎ point group and exhibits 

18 vibrational modes. The Ag, B1g, B2g, B3g modes are Raman-active, as they are symmetric under 

inversion and specific rotational symmetries, making them observable in Raman spectroscopy. In 

contrast, the B1u, B2u, B3u modes are infrared-active due to their antisymmetric nature under 

inversion and certain mirror plane operations, allowing detection through infrared spectroscopy. 

Au is neither Raman active nor IR active, called silent mode  [1–5]. This symmetrical analysis of 

S8 provides crucial insights into its vibrational characteristics, facilitating the interpretation of its 

spectroscopic behavior in both infrared and Raman spectra, which is discussed in the manuscript. 

 

 

Figure S1 XRD spectra (2 vs Intensity) of (a) Pristine sulfur and (b) S/MgO 

 

 

Figure S2 Peak shifting of 222 peak around 23 degree 



 

Figure S3 SEM Images of Sulfur pristine to various composites 

 



 

Figure S4 SEM image of S-MgO 



 

Figure S5 Rate performance of Li-S coin cell (repetition with continue cycling) 

  



Figure S6 Assembly of coin cell 2032 to fabricate the Li-S batteries utilized in the experiments
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