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a b s t r a c t

The C14H12Br2S3 molecule has twofold imposed crystallographic symmetry in the solid

state. 2C14H12Br2S3Bis (2-Bromobenzyl) trisulfide in the orthorhombic structure with space

group P21212 is described and compared with other similar compounds. The structural,

electronic, and optical properties of the anhydrous orthorhombic 2C14H12Br2S3Bis (2-

Bromobenzyl) trisulfide crystals were treated within LDA/CA-PZ, GGA/PBE and GGA/PW91

approaches. The lattice parameters calculated with LDA/CA-PZ (a ¼ 12.651 �A, b ¼ 12.881 �A

and c ¼ 4.992 �A) are in better agreement with experimental values, where the error is 0.90%,

1.14%, and 4.79% for a cutoff energy 240 eV. This calculation shows the usual trends, where

the GGA/PBE and GGA/PW91 functional overestimate the lattice constant, unlike the LDA/

CA-PZ. The C14H12Br2S3 molecule has a large indirect band gap Z/G of 3.4498 eV and

3.5319 eV computed within LDA/CA-PZ and GGA/PBE approaches. The hybridization in the

upper valence band between S: p, B: p and C: p, translates their covalent bonding. The

Mulliken population charges show the zwitterionic state of the C14H12Br2S3 molecule.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The C14H12Br2S3 molecule is based on twofold crystallo-

graphic rotation axis, which bisects the S-S-S angles in the
(M. Fatmi).

by Elsevier B.V. This
solid state. The dihedral angle between the two benzene ring

symmetries is 89.91� [1,2]. This class of sulfur abundant in

nature is very important in living chemistry. Organic sulfides

are attracted researchers because of their synthetic and

pharmaceutical applications. The structural stabilization of
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Table 1 e The atomic coordinates of C14H12Br2S3 calculated with LDA/CA-PZ are compared with available experimental
ones.

Element x (Ǻ) Exp (Ǻ) y (Ǻ) Exp (Ǻ) z (Ǻ) Exp (Ǻ)

Br 0.4230 0.4224 0.3829 0.3803 0.1262 0.1301

S1 0.5000 0.5000 0.0000 0.0000 0.2404 0.2536

S2 0.5358 0.5373 0.1218 0.1197 �0.0028 �0.0036

C1 0.3280 0.3293 0.1824 0.1822 0.0646 0.0620

C2 0.3231 0.3222 0.2773 0.2750 0.2015 0.2054

C3 0.2476 0.2470 0.2967 0.2930 0.3963 0.4058

C4 0.1739 0.1750 0.2205 0.2117 0.4583 0.4693

C5 0.1782 0.1784 0.1245 0.1239 0.3335 0.3296

C6 0.2547 0.2529 0.1062 0.1057 0.1399 0.1324

C7 0.4089 0.4113 0.1599 0.1583 �0.1432 �0.1526

H1 0.2464 0.2446 0.3711 0.3572 0.5017 0.5002

H2 0.1137 0.1232 0.2355 0.2294 0.6115 0.6086

H3 0.1213 0.1282 0.0640 0.0724 0.3881 0.3722

H4 0.2567 0.2544 0.0313 0.0412 0.0357 0.0395

H5 0.3829 0.3853 0.0984 0.1024 �0.2827 �0.2750

H6 0.4295 0.4221 0.2301 0.2196 �0.2610 �0.2718
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trisulfides makes them a perfect example in molecular

recognition with self-complementary donor and acceptor

units in a single molecule. This structure crystallizes in the

orthorhombic structure, with space group P21212. This type of

molecule exhibits intramolecular and intermolecular H-

bonding interactions. The experimental crystal data of

C14H12Br2S3 molecule are a ¼ 12.771 �A, b ¼ 13.030 �A and

c ¼ 4.7635 �A [1,3], while he density and the atomic number

are 1.7808 g cm�3 and z ¼ 2. Our calculation using the LDA/

CA-PZ approximation gives the lattice parameters

a ¼ 12.651 �A, b ¼ 12.881 �A and c ¼ 4.992 �A, which are prac-

tically closer to the experimental values. Also the computed

S-S bond length of 2.036 �A is in good concordance with the

experimental value of 2.04 �A. The selected bond angles S2-S1-

S2 and C2-C1-S2 reported in the literature are 106.21� [4] and

114� [3]. The analysis of C14H12Br2S3 single crystal by X-ray

diffraction conducted by Krishna P. Bhabak and Debasish

Bhowmick reveals the stabilization of trisulfides and facili-

tates effective intramolecular as well as intermolecular non-

covalent interactions [2]. S. P. Singh et al. synthesized and

obtained single crystals of 2C14H12Br2S3 [1], and then gave a

detailed analysis of X-ray diffraction [5]. Organic sulfide is a

group that is part of organosulfuric chemistry and is often

associated with elements with a bad smell [6,7]. The
Table 2 e The lattice parameters, c/a, c/b ratios, volume, denst
available experimental data.

C14H12Br2S3 Experiment [1] LDA/CA-PZ (240; 5 � 5 � 5

Space group P21212 (N�18) P21212 (N�18)
a (�A) 12.771 12.651 0.9

b (�A) 13.030 12.881 1.1

c (�A) 4.7635 4.9918 4.5

c/a 0.3930 0.3945

c/b 0.3656 0.3875

Volume (�A3) 792.7 813.52

Z 2 2

density (g.cm¡3) 1.828 1.78087

Atoms number 62 62

Energy eV e �7856.998
derivatives and some biological activities have been synthe-

sized and reported on anhydrous trisulfide crystals [8]. We

focus in this work on the investigation of the structural,

electronic and optical properties of the anhydrous ortho-

rhombic 2C14H12Br2S3Bis (2-Bromobenzyl) trisulfide crystals.

We have used in this calculation a pseudo potential approach

within the density functional theory (DFT). As exchange

functional, we have considered both the generalized gradient

approximation with dispersion correction GGA/PBE and GGA/

PW91 and the local density approximation LDA/CA-PZ.

The organization of this paper is as follows:We explain the

computational method in section 2. The results are presented

and discussed in section 3.We conclude this work in section 4.
2. Computational details

The CASTEP code (version 7.0) [9] was used to achieve the DFT

calculations of the orthorhombic C14H12Br2S3 unit cell. The

exchange-correlation was presented by Ceperley-Alder-

Perdew-Zunger (CAPZ) and Perdew-Burke-Ernzerhof (PBE) of

generalized gradient approximation (GGA) [10e12]. The LDA is

an approach derived from the homogeneous electronic gas

model [13]. The valence electronic configuration of S, Br, C and
y, atomic number and energy of C14H12Br2S3 and their

) GGA/PBE (600; 8 � 8 � 8) GGA/PW91 (600; 8 � 8 � 8)

P21212 (N�18) P21212 (N�18)
12.5965 1.3 12.6238 1.1

13.4404 3 13.4679 3.2

5.0467 5.6 5.0669 5.9

0.4006 0.4014

0.3755 0.3762

854.44 861.48

2 2

1.69560 1.68173

62 62

�7853.698 �7867.948
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Fig. 1 e Orthorhombic crystal structure in the unit cell and Brillouin Zone of C14H12Br2S3 molecule.
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Fig. 2 e The C14H12Br2S3 molecule in the zwitterionic form.
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Fig. 3 e A perspective view of C14H12Br2S3 crystal structure.
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H are 3p4, 4p⁵, 2p2 and 1s1. The cut-off energy is chosen 240 eV

and theMonkhorst-Pack grid is set to 1� 1� 1 for the Brillouin

zone to accomplish integration into the reciprocal space [14].

The C14H12Br2S3 structure has been optimized by seeking a

minimumof total energy via a calculationwith GGA/PBE, GGA/

PW91 and LDA/CA-PZ [15e17]. The optimization geometry is

such that one minimizes the stress and one finds an arrange-

ment in space for a collection of atoms,where the inter-atomic

force on each atom tends towards zero for a stationary posi-

tion. It was attained taking into account a tolerance of

2.10�5 eV/atom for self-consistency calculations. In addition,
Fig. 4 e The effect of pressure on the most important

angles in the phase change between the different atoms in

the molecule.
other convergence thresholds have been adopted along the

successiveself stability steps, suchas the total energyvariation

is less than2,10�5 eV/atom, themaximumforceperatomis less

than 0,05 eV/�A, the pressure is below 0,1 GPa, and the

maximum atomic displacement is less than 2 10�3�A. After

acquisition the geometry optimization, the Kohn-Sham elec-

tron domain structure was evaluated as well as the partial

density of state (PDOS per atom) of the rhombus C14H12Br2S3
along the high symmetry points of the Brillouin zone. The

calculation of optical absorption, dielectric function, optical

conductivity, refractive index and loss function for polarized

light along the direction [0 0 1] of a crystal is obtained in ref-

erences [18,19].Moreover, the electronic and optical properties

of the C14H12Br2S3 crystal have been separately acquired for

GGA/PW91 and LDA/CA-PZ, adopting a cutoff energy and k-

points of (600 eV, 8 � 8 � 8) and (600eV, 8 � 8 � 8).
3. Results and discussions

3.1. Structural properties

The crystal structure of C14H12Br2S3 is orthorhombic with

space group P21212 (No.18), where the conventional unit cell

contains 62 atoms. The atomic coordinates of C14H12Br2S3
computed using LDA/CA-PZ are listed in Table 1 and

compared with available experimental ones [1]. The results

show an acceptable agreement between the LDA/CA-PZ

calculation and available experimental ones. The effect of

LDA/CA-PZ, Ecut ¼ 240 eV and k-5x5x5, GGA/PBE, Ecut ¼ 600 eV

and k-8x8x8 and GGA/PW91, Ecut ¼ 600 eV and k-8x8x8 on

lattice parameters a, b, c, ratios c/a and c/b, volume cell, atomic

number, density and energy are reported in Table 2. For the

lattice parameters, the LDA/CA-PZ gives lower error

(0.9%e4.5%) follows by GGA/PBE (1.3%e5.6%) and GGA/PW91

(1.1%e5.9%). All these quantities are closer to the
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Table 3 e Atomic populations (Mulliken) of all electrons configurations of atoms for the 2C14H12Br2S3 molecule.

Species S: Orbitals P: Orbitals Total Charge (e)

H 0.68 to 0.75 0.00 0.68 to 0.75 0.25 to 0.32

C 1.06 to 1.33 2.95 to 3.33 4.01 to 4.66 �0.02 to �0.65

Br 1.64 5.07 6.71 0.29

S 1.84 to 1.87 4.10 to 4.15 5.94 to 6.03 �0.03 to 0.06

Mulliken charges for each atom of 2C14H12Br2S3 in the unit cell were obtained, with the carboxyl group having a charge of (�0.02e to�0.65e), the

H group with (0.25e to 0.32e), Br (0.29e) and S (�0.03e to 0.06e).

Table 4 e Geometric parameters of 2C14H12Br2S3, and
their experimental values.

Bond Population Length (�A) Exp. (�A) [1]

Br-C 0.41 1.894 1.91

H-C 0.92 to 0.87 1.094 to 1.097 0.95 to 0.99

S-S 0.36 2.036 2.04

C-C 1.17 to 0.82 1.386 to 1.486 1.358 to 1.496

S-C 0.45 1.82 1.82
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experimental values. We investigated the effect of Ecut off, k-

points and functional type on structural parameters and sta-

bility. The GGA/PW91, Ecut ¼ 600 eV and k-8x8x8 gives the

more stable C14H12Br2S3 molecule (�7867.948 eV), while, LDA/
Fig. 5 e Band structures of C14H12Br2S3 molecule using (a)

LDA/AC-PZ and (b) GGA/PW91.

Fig. 6 e The partial density of states of C14H12Br2S3

molecule.
CA-PZ, Ecut ¼ 240 eV and k-5x5x5 report the more accurate

lattice parameters. The calculated ratios c/a and c/b (0.3945,

0.3875) [0.4014, 0.3762] using (LDA/CA-PZ) [GGA/PW91], agree

reasonably with the experimental data (0.393, 0.3656). Fig. 1

shows the unit cell of the orthorhombic crystal C14H12Br2S3.

The zwitterionic molecule C14H12Br2S3 is visualized in Fig. 2,
Fig. 7 e The real and imaginary part of the dielectric

function of C14H12Br2S3 molecule.
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Fig. 8 e The reflectivity of C14H12Br2S3 as a function of wave

length along the direction [1 0 0] with GGA/PW91 and LDA/

AC-PZ functional. Fig. 10 e The loss function of C14H12Br2S3 as a function of

wave length along the direction [1 0 0] with GGA/PW91 and

LDA/AC-PZ functional.
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where the shortest distances (�A) are represented. While the

perspective view of orthorhombic unit cell in the super-cell is

plotted in Fig. 3. The effect of pressure on the most important

angles S2-S1-S2, C2-C1-S2 and C1-S2-S1 between the different

atoms in themolecule is shown in Fig. 4. This effect is found to

be greater in the case of low pressure.

3.2. Population analysis

The physical mechanism of interaction between atoms is not

lucid. Theoretical calculations based on population analysis

[20,21] show that this mechanism is electrostatic in nature. A

thorough study of the solid state structure of 2C14H12Br2S3
reveals an intermolecular and intramolecular interaction

containing carbon centers. Table 3 summarizes the electronic

population of the different atomic sites for the molecule

2C14H12Br2S3. Mulliken charges for each atom of 2C14H12Br2S3
in the unit cell were obtained, with the carboxyl group having

a charge of (�0.02e to�0.65e), the H groupwith (0.25e to 0.32e),

Br (0.29e) and S (�0.03e to 0.06e). The results present the

aspect of the metaleligand interaction and the different

charge transfers occurring during redox processes to know

Mulliken Population Analysis (MPA). Table 4 shows the elec-

tronic population in the different atomic bonds and their

distances. It is also reported the contesting S-S intramolecular
Fig. 9 e The absorption of C14H12Br2S3 as a function of wave

length along the direction [1 0 0] with GGA/PW91 and LDA/

AC-PZ functional.
interactions, the weak S-H bonding, the strong S-S intermo-

lecular interactions amongst pairs of diastereo-isomers of

2C14H12Br2S3 and some strong intermolecular interactions

between Br atoms and S atoms of the SCH groups, which

contribute in the packing of the crystal of 2C14H12Br2S3.

3.3. Electronic properties

The electronic band structures are constructed along the lines

of high symmetry following the main directions of the Bril-

louin zone in the reciprocal space. These lines join the

following points of high symmetry in terms of unit vectors of

the reciprocal space. G(0; 0; 0); Z (0; 0; 0.5); T (-0.5; 0; 0.5); Y (-0.5;

0; 0); S (-0.5; 0.5; 0); X (0; 0.5; 0); U (0; 0.5; 0.5); R (-0.5; 0.5; 0.5).

Fig. 5 (a, b) represents the computed band structures of

2C14H12Br2S3 crystal with taking into account the scissor

operator. It is noted a large indirect band gap Z/G (3.4498 eV

and 3.5319 eV) using LDA/AC-PZ and GGA/PW91 approaches,

since the maximum of the valence band and the minimum of

the conduction band are offset from each other in the Brillouin

zone. The top of the valence band is chosen at 0 eV and
Fig. 11 e The refractive index of C14H12Br2S3 as a function

of wave length along the direction [1 0 0] with GGA/PW91

and LDA/AC-PZ functional.
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Fig. 12 e The conductivity of C14H12Br2S3 as a function of

wave length along the direction [1 0 0] with GGA/PW91 and

LDA/AC-PZ functional.
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designated the Fermi level EF. The levels of the valence band

are continuous especially along the line G-Z-T to the Brillouin

zone. This continuum forms a set of narrow sub-bands,

particularly along the U-R line to the Brillouin zone.

C14H12Br2S3 molecule is characterized by a wide band gap,

which separates the last occupied states of the valence band

and the free states of the conduction band. In the range 0 and

-2 eV, the valence band consists of four zones separated by a

gap. The upper valence band is located at �0.1821 eV and

�0.1166 eV for LDA/AC-PZ and GGA/PW91. From the qualita-

tive agreement of the LDA/AC-PZ and GGA/PW91 approaches

for band structureswith some variances in the band gap of the

crystal C14H12Br2S3, we predicted two indirect band gap of

energies 3.46 eV, 3.51 eV (3.54 eV, 3.97 eV) for GGA/PW91 (LDA/

AC-PZ). The partial densities of the electronic states that give

the individual contribution of atoms are calculated for the

diagramof the energy bands E (k) of the crystalline structure of

C14H12Br2S3 as shown in Fig. 6. The electronic contribution in

the upper valence band comes from S: p, C: p and B: p states.

The first conduction band is empty and the transitions occur

from S: p, C: p and B: to all others sites, There are hybridiza-

tions in the upper valence band between S: p, B: p and C: p,

therefore, there is a covalent bonding corresponding to the

cited states. Other hybridization between H: s, S: p and C: p is

located in the range �2.3 eV to �4.12 eV. The narrow peaks in

the conduction band are subjugated by C: p, B: p and S: p states

with a small contribution of H: s site.

3.4. Optical properties

The study of the optical properties of materials is important to

observe their response when they interact with energy and

allow the understanding of electronic structure. A polarized

incident light in the direction [100] on an orthorhombic crystal

C14H12Br2S3 is considered as an energy source.We begin by the

complex dielectric functionwhich is the sum of a real part and

another imaginary εðuÞ ¼ ε1ðuÞþ ε1ðuÞ. The real part translates

the optical response and the imaginary part show the reflec-

tivity of the material. The real and imaginary parts of the

dielectric function of C14H12Br2S3 molecule are drawn in Fig. 7.
The static dielectric constant of C14H12Br2S3 is 0.91 and 0.95 for

LDA/CA-PZ and GGA/PW91. The maximum value is observed

at a wave length of 333 nm, which show the higher optical

response in the ultraviolet domain. It is observed that for

photons wave length 235.5 nm, the real part of dielectric

function becomes negative; but always larger than �1, hence,

peak is obtained for LDA/CA-PZ and also showing metallic

nature. For a metal, if the frequency is lower, the real part is

negative meaning that the light is completely reflected. The

electrons around the surface can screen the electric fields of

the light before it gets into the bulk. But if the frequency is

higher than the plasmon frequency, the real part is positive

and the metal behaves like a dielectric medium.

The reflectivity of any material is calculated by dielectric

function through the equation:

RðuÞ¼
�����
ðε1Þ1=2 � 1

ðε1Þ1=2 þ 1

����� (1)

The reflectivity is inversely proportional to the absorption

coefficients and it depends on the incident photon energy.

Whenmore light is absorbed in anymaterial then reflection is

less. The reflectivity as function of wave length is shown in

Fig. 8. Themaximumof reflectivity of 0.29 and 0.14 at 231.4 nm

and 244.6 nm is observed for LDA/AC-PZ and GGA/PW91. The

reflectivity is more important in the LDA/AC-PZ case. The

reflectivity is observed only in the ultraviolet light domain.

Fig. 9 portrays the spectrum of optical absorption of

C14H12Br2S3 molecule along the polarization direction [001] for

the GGA/PW91 and LDA/AC-PZ approaches. The results ob-

tained on absorption show that the C14H12Br2S3 crystal ab-

sorbs photonic energy in the ultraviolet range

(70 nme400 nm), which corresponds to the energy range

3.11 eVe17.75 eV. The absorption is more important in the

LDA/AC-PZ approach. The maximum of absorption is

106220 cm�1 (64364 cm�1) at 246.4 nm (256.5 nm) for LDA/AC-

PZ (GGA/PW91). The absorption through the electrons and

photons interactions results because inter band and intra

band transitions. The absorption increases and reaches two

maxima at 130 nm and 233 nm (243 nm) for LDA/AC-PZ (GGA/

PW91) in the wavelength range (60 nme500 nm); this means

that the C14H12Br2S3 crystal is a potential candidate as coating

material in this range. The loss function describes the inter-

action of a very fast moving electron travelling with loss of

energy throughout the material. These interactions may be

phonon excitation, intraband and interband transitions,

Plasmon excitations and inner shell ionization. The loss

function is calculated through the equation:

LðuÞ¼ ε2ðuÞ
ε
2
1ðuÞ þ ε

2
2ðuÞ

(2)

The loss of energy is low at small and high wave length

values but the maximum loss of energy is at 127.45 nm as we

shown in Fig. 10. There are several plasmon peaks in the

crystal structure. The extinction coefficient and refractive

index can be obtained through the complex dielectric con-

stant. The absorption and refraction of a medium are

described with single quantity called the complex refractive

index. The equations of refractive index (real part) and

extinction coefficient (imaginary part) are given as:
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nðuÞ¼
ffiffiffi
2

p

2

�
ε1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
1 þ ε

2
2

q �
(3)

kðuÞ¼
ffiffiffi
2

p

2

�
� ε1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
1 þ ε

2
2

q �

We present the refractive index and extinction coefficient

in Fig. 11. We observed that the high peaks for both the

extinction coefficient and refractive index beyond 250 eV

show the absence of optical response of the material in this

region. The peaks of the extinction coefficient and the

refractive index are located between the lower and upper

bands of the inter-band transition. The optical conductivity

οðuÞ is calculated through the imaginary part of dielectric

function as:

sðuÞ¼ u

4p
ε2ðuÞ (4)

The conductivity of C14H12Br2S3 molecule as a function of

wave length along the direction [1 0 0] with GGA/PW91 and

LDA/AC-PZ functional is reported in Fig. 12. There are a series

of peaks of conductivity (real and imaginary part) between

80 nm and 260 nm. The optical conductivity peaks 1.067 S/m

and 2.291 S/m (0.547 S/m and 1.146 S/m) are quite high at wave

length 266.7 nm and 229.5 nm (236.1 nm and 272.4 nm) for

LDA/AC-PZ (GGA/PW91). The real part of conductivity be-

comes negative beyond 271.3 nm (264.7 nm) for GGA/PW91

(LDA/AC-PZ). The real part of the conductivity becomes

negative beyond the resonance frequency. This is a typical

resonance behavior and implies that when the imaginary part

vanishes the response is 180� out of phase with the applied

magnetic field.
4. Conclusion

An ab-initio study on geometry optimization, electronic band

structure and density of states, dielectric function, optical

absorption and conductivity have presented for 2C14H12Br2S3
anhydrous crystals. The equilibrium lattice parameters of

2C14H12Br2S3 obtained in this work are closer to available

theoretical and experimental values quoted in the literature.

Mulliken charges for each atom of 2C14H12Br2S3 in the unit cell

were obtained, with the carboxyl group having a charge of

(�0.02e to �0.65e), the H group with (0.25e to 0.32e), Br (0.29e)

and S (�0.03e to 0.06e). The real part of dielectric function

value for LDA/CA-PZ at wave length between 213.5 nm and

252.2 nm becomes negative and translates themetallic nature

of 2C14H12Br2S3. The C14H12Br2S3 crystal absorbs photonic en-

ergy in the ultraviolet range (70e400 nm), which corresponds

to the energy range 3.11e17.75 eV, and such crystal is a po-

tential candidate as coating material in this range. We inves-

tigated the effect of Ecut off, k-points and LDA/CA-PZ, GGA/PBE

and GGA/PW91 functional on lattice parameters and stability.

The physical mechanism of interaction between atoms in

2C14H12Br2S3 molecule is electrostatic type in nature. The

study of 2C14H12Br2S3 at solid state structure reveals the

intermolecular and intramolecular interactions containing
carbon centers. Mulliken population analysis shows S-S

intramolecular interactions, weaker S-H bonding, stronger S-S

intermolecular interaction and Br-S intermolecular interac-

tion amongst pairs of diastereo-isomers of 2C14H12Br2S3. The

pressure effect on the angles S2-S1-S2, C2-C1-S2 and C1-S2-S1

between the different atoms in the molecule is investigated.

The hybridizations in the upper valence band between S: p, B:

p and C: p, translates their covalent bonding.
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