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, spectroscopic measurement,
optical properties, thermal studies and biological
activities of a new hybrid material containing iodide
anions of bismuth(III)†

Saida Ben Ali,a Amal Feki, b Valeria Ferretti, c Moncef Nasrib

and Mohamed Belhouchet *a

As part of our interest in halogenobismuthate(III) organic–inorganic hybrid materials, a novel compound

named bis(4,40-diammoniumdiphenylsulfone) hexadecaiodotetrabismuthate(III) tetrahydrate with the

chemical formula (C12H14N2O2S)2[Bi4I16]$4H2O, abbreviated as (H2DDS)[Bi4I16], has been prepared by

a slow evaporation method at room temperature. This compound was characterized by single crystal X-

ray diffraction (SCXRD), spectroscopic measurements, thermal study and antimicrobial activity. The

examination of the molecular arrangement shows that the crystal packing can be described as made of

layers of organic [C12H14N2O2S]
2+ entities and H2O molecules, between which tetranuclear [Bi4I16]

4�

units, isolated from each other, are inserted. The cohesion among the different molecules is assured by

N–H/I, N–H/O and O–H/I hydrogen bonding interactions, forming a three-dimensional network.

Room temperature IR, Raman spectroscopy of the title compound were recorded and analyzed. The

optical properties were also investigated by both UV-vis and photoluminescence spectroscopy.

Moreover, the synthesized compound was also screened for in vitro antimicrobial (Gram-positive and

Gram-negative) and antioxidant activities (scavenging effect on DPPH free radicals, reducing power and

total antioxidant capacity).
1. Introduction

Over the last few years, the chemistry of hybrid compounds has
drawn great interest thanks to the possibility of combining the
different properties of both inorganic and organic components
into one material. Indeed, hybrid compounds are very prom-
ising not only for their wide range of technologically advanta-
geous properties and structural exibility, but also for their
interesting applications in optics and acoustics, in particular
nonlinear polar and nonlinear optical materials,1–9 as well as for
their antimicrobial and antioxidant activities.10 Among them,
the halometallates have been extensively investigated owing to
their very interesting physical behavior and propensity to form
a variety of crystalline structures by self-assembling from suit-
able solutions at ambient temperature. Hybrids based on
State, University of Sfax, Department of

. P. 1171, Sfax, 3000, Tunisia. E-mail:

icrobiology, University of Sfax, National

173-3038 Sfax, Tunisia

utical Sciences, Centre for Structural

Borsari 46, I-44121 Ferrara, Italy

ta in CIF or other electronic format see

5184
trivalent metals halides are known to adopt about 30 variants of
the anionic structure types in which organic cations, e.g.
amines, of different symmetry, volume and size can be incor-
porated to give a large diversity of structures.11–20 In particular,
Bi(III) ion exhibits a wide range of coordination modes and
associated geometries; bismuth halide octahedra can be con-
nected in different ways by face, edge or corner sharing, forming
accordingly naturally isolated (0-D) inorganic polyhedra,21–23

extended innite chains (1-D)24–27 or two dimensional (2-D)
networks.28 The choice of organic molecules carrying appro-
priate functional groups can assure a tight connection with the
anionic sublattice via hydrogen bonds, besides electrostatic and
van der Waals interactions.29,30

In order to combine both the properties of iodobismuthate
and the benets of organic molecules, we chose as counterion
the dapsone {4,40-diammoniumdiphenylsulfone ¼ (DDS)}
molecule of the sulfone family, in view of its antibacterial and
antibiotic properties. The dapsone (DDS) is used in the treat-
ment of mycobacterium and malaria infection and pharma-
ceutical dosage formulation.31 In this paper we present a newly
synthesized organic–inorganic compound (H2DDS)2[Bi4I16]. It is
worth noting that until now, a few works on halobismuthates
compounds based on sulfone family have been synthesized and
structurally characterized such as: 4,4-
This journal is © The Royal Society of Chemistry 2020
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Table 1 Crystal data and refinement parameters for (H2DDS)[Bi4I16]

Empirical formula (C12H14N2O2S)2[Bi4I16]$4H2O
Formula weight 3439.01
Temperature (K) 100
Wavelength (Å) 0.71073
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions
a (Å) 12.0453 (14)
b (Å) 20.437 (2)
c (Å) 13.1306 (16)
b (�) 96.880 (2)
V (Å3) V ¼ 3209.1 (7)
Z 2
Density (calculated) (g cm�3) 3.559
Reections collected 48 812
Independent reections 8017
Reections observed with I > 2s(I) 7328
Number of rened parameters 274
Goodness-of-t on F2 1.10
Final R indices [I > 2s(I)] R1 ¼ 0.051and wR2 ¼ 0.128
CCDC no. 1909744
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diammoniumdiphenylsulfone iodobusmuthate.32 The new
compound has been fully characterized through single-crystal
X-ray diffraction analysis, and investigating its thermal
behavior (via TG-DSC) as well as its vibrational (Infrared and
Raman), and optical (photoluminescence and absorption)
properties. In addition, the title compound has been tested for
its antimicrobial inhibiting potential and antioxidant activity.

2. Experimental
2.1. Synthesis

The title compound was prepared by the reaction of bismuth(III)
nitrate pentahydrate (BiNO3$5H2O, 0.485 g, 1 mmol) and 4,40-
diaminodiphenylsulfone (C12H12N2O2S, 0.248 g, 1 mmol)
(molar ratio 1 : 1) in an equal volume of water and ethanol (20
ml) mixed with 2 ml of HI (42%). The resulting aqueous solu-
tion was stirred magnetically for 20 min and allowed to stand at
room temperature. Aer few weeks, red prismatic crystals were
obtained by slow evaporation with a high yield of 85.5%. Later,
the crystals were separated by ltration and dried in air. A single
crystal was selected with a polarizing microscope for X-ray
diffraction analysis.

2.2. X-ray data collection

A suitable crystal of (H2DDS)[Bi4I16] with dimensions of 0.30,
0.29, 0.09 mm was selected for the X-ray structure analysis.
Single-crystal diffraction data were collected at 100 K on
a Bruker Smart Apex CCD area detector diffractometer using
MoKa radiation (l ¼ 0.71073 Å). Intensities were corrected for
Lorentz, polarization and absorption effects. The structure was
solved by direct methods with the SHELXS-97 program33 and
rened on F2 by full-matrix least-squares using SHELXL97 (ref.
33) with all non-H atoms anisotropic. The hydrogen atoms of
the C–H, N–H (NH3 groups) were included on calculated posi-
tions, riding on their carrier atoms, using the appropriate
instructions of the SHELXL-97 program. All other hydrogen
atoms were located in the difference-Fourier map and rened
isotropically. All calculations were performed using the WINGX
crystallographic suite of programs.34 The crystallographic
parameters and some details of the structural renement are
given in Table 1. The drawings were made by using ORTEPIII,35

DIAMOND36 and Mercury37 programs.
Crystallographic data for the structural analysis have been

deposited at the Cambridge Crystallographic Data Center, 12
Union Road, Cambridge, CB2 1EZ, UK, and are available free of
charge from the Director on request quoting the deposition
number 1909744.†

2.3. Physical measurements

The infrared absorption spectrum was collected at room
temperature on a JASCOFT-IR-420 spectrometer using a crystal
sample in the range 400–4000 cm�1.

The Raman spectrum was registered between 4000 and
50 cm�1 at room temperature employing a Horiba Jobin-Yvon
Lab-RAM HR 800 Dual Spectrophotometer. The excitation line
was measured at 630 nm.
This journal is © The Royal Society of Chemistry 2020
The optical absorption spectrum of the lms was recorded at
room temperature using a UV-vis absorption spectrophotom-
eter (Hitachi, U-3300). Solid photoluminescence spectrum was
recorded at room temperature on a Perkin-Elmer LS55 uores-
cence spectrometer processed with a 350 nm radiation as the
excitation source.

Simultaneous Thermogravimetry – Differential scanning
calorimetry (TG-DSC) were carried out using “NETZSCH TASC
409” operating from 20 �C up to 600 �C temperature range with
a 5 �C min�1 heating rate. The sample, in form of powder (�11
mg), was put in an alumina crucible, and the measurements
were performed in nitrogen atmosphere.
2.4. In vitro biological activities

2.4.1. Determination of in vitroantioxidant activities
DPPH radical scavenging activity. The DPPH free radical-

scavenging activity of (H2DDS)2[Bi4I16] compound was deter-
mined as described by Bersuder et al. (1998).38 Firstly, sample
(500 ml) at different concentrations (0.2 to 1mgml�1) was mixed
with 375 ml of ethanol (99.5%) and 125 ml of DPPH (0.02%) in
ethanol (99.5%). Aer that, the mixtures were kept at room
temperature in the dark for 1 h. The absorbance was measured
at 517 nm using a UV-visible spectrophotometer (T70, UV/VIS
spectrometer, PG Instruments Ltd., Beijing, China). DPPH
radical-scavenging activity was calculated using the following
equation:

DPPH radical� scavenging assay ¼ Ac � As

Ac

� 100

where, Ac is the absorbance of the control tube; As is the
absorbance of (H2DDS)2[Bi4I16] with the DPPH solution. BHA
was used as positive control. The experiment was carried out in
triplicate.

Reducing power assay. The ability of (H2DDS)2[Bi4I16] to
reduce iron(III) was determined according to Yildirim et al.
RSC Adv., 2020, 10, 35174–35184 | 35175
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Fig. 1 ORTEPIII view and atom numbering scheme of the asymmetric unit.
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(2001).39 Briey, 1 ml of each crystal sample at different
concentrations (0.2 to 1 mg ml�1) was mixed with 1.25 ml of
phosphate buffer (pH 6.6; 0.2 M) and 2.5 ml of potassium
ferricyanide (1% (w/v)) solution. Aer incubation at 50 �C for
Table 2 Bond lengths (Å) and angles (�) of the [Bi4I16]
4� aniona

[Bi4I16]
4� anion

Distances (Å)
Bi1–I8 2.9118 (8) Bi1–I3i 3.3750 (8)
Bi1–I10 2.9168 (9) Bi2–I3 3.1793 (8)
Bi1–I6 2.9335 (8) Bi2–I5 2.9950 (8)
Bi2–I7 2.9281 (8) Bi1–I4 3.3062 (8)
Bi2–I9 2.8835 (8) Bi2–I4 3.2869 (8)
Bi1–I5 3.2710 (8) Bi2–I4i 3.4025 (8)

Angles (�)
I8–Bi1–I10 92.32 (3) I4–Bi1–I3i 83.079 (19)
I8–Bi1–I6 97.38 (3) I9–Bi2–I7 94.04 (2)
I10–Bi1–I6 91.09 (2) I9–Bi2–I5 93.90 (3)
I8–Bi1–I5 82.19 (2) I7–Bi2–I5 89.30 (2)
I10–Bi1–I5 95.14 (3) I9–Bi2–I3 90.76 (2)
I6–Bi1–I5 173.76 (2) I7–Bi2–I3 92.34 (2)
I8–Bi1–I4 162.19 (2) I5–Bi2–I3 174.94 (2)
I10–Bi1–I4 101.59 (2) I9–Bi2–I4 91.84 (2)
I6–Bi1–I4 93.47 (2) I7–Bi2–I4 174.12 (2)
I5–Bi1–I4 85.49 (2) I5–Bi2–I4 90.46 (2)
I8–Bi1–I3i 83.99 (2) I3–Bi2–I4 87.42 (2)
I10–Bi1–I3i 173.62 (3) I9–Bi2–I4i 174.37 (2)
I6–Bi1–I3i 84.24 (2) I7–Bi2–I4i 89.28 (2)
I5–Bi1–I3i 89.52 (2) I5–Bi2–I4i 90.68 (2)
Bi2–I4–Bi2i 95.155 (19) I3–Bi2–I4i 84.56 (2)
Bi1–I4–Bi2i 94.696 (19) I4–Bi2–I4i 84.845 (19)
Bi2–I5–Bi1 94.85 (2) Bi2–I3–Bi1i 97.63 (2)
Bi2–I4–Bi1 88.927 (19)

a Symmetry codes: (i) �x, �y + 1, �z + 1.

35176 | RSC Adv., 2020, 10, 35174–35184
20 min, 2.5 ml of trichloroacetic acid (TCA, 10% (w/v)) was
added and the reactions mixtures were centrifuged at 10 000�g
for 10 min. From the upper layer, 2.5 ml was mixed with
distilled water (2.5 ml) and ferric chloride (0.5 ml of 0.1% (w/v))
solution. The absorbance of the reaction mixtures was calcu-
lated at 700 nm. BHA was used as positive control. The experi-
ment was carried out in triplicate.
Table 3 Bond lengths (Å) and angles (�) of the organic cation in
(H2DDS)[Bi4I16]

Organic cation

Distances (Å)
S1–O1 1.449 (9) C3–C4 1.382 (14)
S1–O2 1.451 (9) C4–C5 1.376 (14)
S1–C7 1.744 (11) C5–C6 1.368 (14)
S1–C1 1.767 (10) C7–C8 1.406 (14)
N1–C4 1.469 (13) C7–C12 1.408 (14)
C1–C6 1.382 (14) C8–C9 1.386 (17)
C1–C2 1.410 (14) C9–C10 1.376 (16)
C2–C3 1.386 (15) C10–C11 1.381 (16)
N2–C10 1.462 (15) C11–C12 1.385 (16)

Angles (�)
O1–S1–O2 119.5 (5) C3–C4–N1 118.6 (9)
O1–S1–C7 110.2 (5) C6–C5–C4 119.4 (10)
O2–S1–C7 108.4 (5) C5–C6–C1 118.8 (10)
O1–S1–C1 108.1 (5) C8–C7–C12 120.0 (10)
O2–S1–C1 109.0 (5) C8–C7–S1 119.9 (8)
C7–S1–C1 99.9 (5) C12–C7–S1 119.8 (8)
C6–C1–C2 122.2 (9) C9–C8–C7 120.2 (10)
C6–C1–S1 119.5 (8) C10–C9–C8 118.8 (10)
C2–C1–S1 117.7 (8) C9–C10–C11 122.2 (11)
C3–C2–C1 118.0 (9) C11–C10–N2 119.9 (10)
C4–C3–C2 118.6 (10) C10–C11–C12 119.9 (10)
C5–C4–C3 122.9 (9) C9–C10–N2 117.8 (10)
C5–C4–N1 118.4 (9) C11–C12–C7 118.9 (10)

This journal is © The Royal Society of Chemistry 2020
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Determination of total antioxidant capacity. Total antioxidant
activity of crystal sample at different concentrations (0.2–2 mg
ml�1) was determined according to the method of Prieto et al.
(1999).40 Briey, 0.3 ml of samples was mixed with 1.0 ml
reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate
and 4 mM ammonium molybdate). Aer that, the reaction
mixture was incubated at 90 �C for 90min. Aer cooling at room
temperature, the absorbance of each solution was measured at
695 nm. BHA was used as a positive control. The antioxidant
activity was expressed as ascorbic acid equivalents.

2.4.2. Antibacterial activity of (H2DDS)2[Bi4I16]
Microorganisms. Antibacterial activities of the crystal sample

were tested against Gram+ and Gram� bacterial strains. Bacteria
used were Bacillus cereus (ATCC 11778), Staphylococcus aureus
(ATCC 25923), Salmonella enterica (ATCC 43972), Micrococcus
luteus (ATCC 4698), Escherichia coli (ATCC 25922), Listeria
monocytogenes (ATCC 43251), Enterobacter aeruginosa (ATCC
27853) and Pseudomonas aeruginosa (ATCC 49189).

Agar-well diffusion method. The antibacterial potential was
performed by agar-well diffusion method as described by Van-
den Berghe & Vlieinck (1991).41 Culture suspensions (200 ml)
adjusted to 106 colony-forming units (CFU ml�1) of the micro-
organisms of bacterial cells were spread on Luria–Bertani (LB)
Fig. 2 The structure of the [Bi4I16]
4� tetramer, showing the octahedral e

This journal is © The Royal Society of Chemistry 2020
agar. Aer that, 50 ml of (H2DDS)2[Bi4I16] were loaded into wells
(6 mm in diameter) punched in the agar layer. Then, the Petri
dishes were kept for 1 h at 4 �C, and incubated for 24 h at 37 �C.
Antimicrobial activity was evaluated by determining the zone of
growth inhibition (diameter expressed in millimeters) around
the wells. All tests were carried out in duplicate.
3. Results and discussion
3.1. Structure description

The ORTEPIII representation of the asymmetric unit, composed
by one (C12H14N2O2S)

2+ cation, half of a [Bi4I16]
4� anion and two

water molecules, is shown in Fig. 1. Bond lengths and angles of
anionic and cationic moyeties are listed in Tables 2 and 3,
respectively. The presence of the inversion center leads to the
formation of [Bi4I16]

4� anions, constituted by four edge-shared
[Bi I6]

3� octahedra, as shown in Fig. 2. The overall connectivity
of the centrosymmetric tetranuclear anion can be described as
a pair of edge-sharing bi-octahedra, which mutually share three
cis edges. The analysis of the geometrical features (Table 2)
shows that the Bi–I distances fall into two well-dened groups,
the shortest distances, ranging from 2.8835 (8) to 2.9335 (8) Å,
being found for terminal bonds, while the longest ones, ranging
nvironment around the two bismuth centers.

RSC Adv., 2020, 10, 35174–35184 | 35177
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Table 4 Hydrogen bonding parameters (Å, �) for (H2DDS)[Bi4I16]
a

D–H/A D–H H/A D/A D–H/A

N1–H1A/O2Wii 0.91 2.19 2.842 (13) 129
N1–H1A/I3iii 0.91 2.94 3.598 (9) 131
N1–H1B/O1Wiv 0.91 1.87 2.766 (12) 167
N1–H1C/I6v 0.91 2.91 3.662 (9) 141
N1–H1C/I7iii 0.91 3.14 3.580 (9) 112
N2–H2B/O2Wvi 0.91 2.15 2.842 (14) 132
O1W–H11/I7vii 0.81 (2) 3.05 (10) 3.720 (8) 142 (14)
O1W–H12/O2viii 0.82 (2) 1.95 (7) 2.718 (11) 156 (15)
O2W–H21/I6 0.82 (2) 2.97 (11) 3.630 (8) 138 (14)
O2W–H22/O1 0.82 (2) 2.04 (4) 2.845 (12) 166 (16)

a Symmetry codes: (ii) �x + 1, �y + 1, �z; (iii) x + 1/2, �y + 3/2, z � 1/2;
(iv)�x + 1,�y + 1,�z + 1; (v)�x + 1/2, y + 1/2,�z + 1/2; (vi)�x,�y + 1,�z;
(vii) �x + 1/2, y � 1/2, �z + 3/2; (viii) x, y, z + 1.
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from 2.9950 (8) to 3.4025 (8) Å, involve the bridging iodines.
These ndings are perfectly in line with what observed in other
structures of iodobismuthates(III).42–58 Besides, the I–Bi–I bond
angles vary from 82.19 (2)� to 97.63 (2)� for cis and 162.19 (2)� to
174.94 (2)� for trans arrangements (see Table 2).

The main geometrical characteristics of the organic cations
are listed in Table 3. In the dapsone cation, the two phenyl rings
are almost perpendicular to each other, the C1–S1–C7 angle
measuring 99.9(5)�. Both the aminic groups are protonated,
leading to a lenghtening of the C–N bond distance (Table 3). All
the parameters agree well with what found in the
literature.47,50,59,60

Overall, the packing diagram is made of alternating organic
and inorganic layers expanding along the a direction (Fig. 3).
Inorganic layers can be described as tetranuclear anions
[Bi4I16]

4� units isolated from each other, located at approxi-
mately y ¼ 1/2. Organic layers consists of two organic chains
which are hydrogen bonded together through water molecules.
These layered organizations are located at around y ¼ 0 and y ¼
1. In the different layers the cationic groups are linked with the
anionic groups through N–H/I [N/I distances vary between
3.580 (9) Å and 3.662 (9) Å and N–H/I angles vary between 112�

and 141�].
The oxygen provided from the crystallization water mole-

cules linked with the organic cations through N–H/OW [N/
OW ¼ 2.766 (12) to 2.842 (13) Å; H/OW ¼ 1.87–2.19 Å and N–
H/OW ¼ 132–167�] on the one hand, and through OW–H/O
[OW/O ¼ 2. 718 (11) to 2.845 (12) Å; H/O¼ 1.95 (7) to 2.04 (4)
Å, OW–H/O ¼ 156 (15) to 166 (16) �], on the other hand. In
addition, the two water molecules are associated with the
anionic entities via OW–H/I [OW/I ¼ 3.630 (8) to 3.720 (8) Å;
H/I ¼ 2.97 (11) to 3.05 (10) Å and OW–H/I ¼ 135 (14) to 142
Fig. 3 Projection along the c axis of the cell content of (H2DDS)[Bi4I16].

35178 | RSC Adv., 2020, 10, 35174–35184
(14)�] (Fig. 3). So, both of the oxygen atoms provided by the
crystallization water molecules act as a bridge between the
anionic and the cationic groups. They can play as both
hydrogen-bond donors and acceptors forming a three-
dimensional framework.

As well as, the organic species interact by means of week and
strong hydrogen bonds and Vander Waals interactions which
participate in the stabilization of the structure.61 The donor/
acceptor distances, reported in Table 4, are typical of medium-
strong charge-assisted hydrogen bonds.
3.2. Vibrational studies

To gain more information on the crystal structure of the title
compound, we have performed a vibrational study using
infrared spectroscopy and Raman scattering. The IR and Raman
The dotted lines indicate hydrogen bonds.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Raman spectra of (H2DDS)[Bi4I16] recorded in the low-
frequency range.

Table 5 Observed wavenumbers (cm�1) of (H2DDS)[Bi4I16]with the
proposed assignmentsa

IR Raman Assignment

3457 L n(O–H)
3048 L nas(NH3) + ns(NH3)
2857 L nas(C–H)
2569 w ns(C–H)
2352 vw n(O–H/I)
1918 w d(H2O)
1586 s das(NH3)
1554 s ds(NH3)
1508 s n(C–S)
1487 s n(C]C)
1418 s d(C–C–H)
1301 vs r(NH3)
1185 m g(C–H)
1162 vs n(S]O)
1106 vs n(C–C)
1067 s n(C–N)
1012 s n(C]C)
971 m n(C–S)
813 m d(S]O)
657 vs to 710 vs r(H2O)
636 s u(H2O)
548 vs d(C–C–N)
506 m d(C–C–C)
490–462 d(C–S–C)

142 vs nas(Bi–I)
132 s ns(Bi–I)
107 m d(I–Bi–I)
82 w Lattice modes

a vs: very strong, s: strong, m: medium, vw: very weak, w: weak.
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spectra recorded at room temperature are shown in Fig. 4 and 5,
respectively. The Raman spectrum of the (H2DDS)[Bi4I16] was
observed in the low frequency range (50–200 cm�1). This is most
probably due the broad and strong luminescence of the title
compound, which makes the Raman signal hardly detectable in
the higher 400–4000 cm�1 range. The assignments of the bands
are reported in Table 5.

The assignment of the external modes of the inorganic
anions, observed in the Raman spectrum, is based on the
comparison with previous works reported on homologous
compounds.62,63 The Bi–I external asymmetric stretching vibra-
tion is seen to give rise to the strongest Raman line at 142 cm�1.
The observed band at 132 cm�1 is assigned to the Bi–I external
symmetric stretching vibration. Raman line at 107 cm�1 most
likely correspond to the d(I–Bi–I). Frequencies for the lattice
modes occur near 82 cm�1.64

The IR spectrum of this compound shows the characteristic
signals of the 4,40(DDS) cation and conrms its presence in the
crystal. The assignment of internal modes of the organic cations
is based on the comparison of the wavenumbers of others
compound associated to the literature data.65–71 The spectrum
shows at high wavenumbers very large bands ranging from
3457 cm�1 to 3048 cm�1 describes the stretching vibrations of
Fig. 5 The room temperature IR of (H2DDS)[Bi4I16] compound.

This journal is © The Royal Society of Chemistry 2020
nas(NH3) ns(NH3) and overlapping with the n(O–H) modes of the
water molecules. Concerning the broad bands observed in
2857–2569 cm�1 spectral region, they correspond to n(C–H)
stretching modes (nas(C–H) and ns(C–H)). The absorption
centered at 2352 cm�1 is assignable to n(O–H/I). The weak
band observed at 1918 cm�1 may be assigned to the bending
vibrations of the water molecules d(H2O). The strong bands
observed at 1586 and 1554 cm�1 are assigned to the asymmetric
and symmetric bending vibrations of the NH3 group, respec-
tively. Furthermore, the strong band located at 1508 cm�1 is
attributed to the (C–S) stretching mode. The absorption band at
1487 cm�1 corresponds to the stretching vibration of the C]C
bond. The strong vibration at 1418 cm�1 is due to the defor-
mation of (C–C–H). The very strong band observed at 1301 cm�1

is attributed to the NH3 rocking. The medium-intensity band
detected at 1185 cm�1 can be assigned to g(C–H). Besides, the
bands for n(S]O), n(C–C), n(C–N), n(C]C) and n(C–S) are situ-
ated at 1162, 1106, 1067, 1012 and 971 cm�1, respectively. The
medium band observed at 813 cm�1 correspond to the d(S]O).
The bands observed at 710 and 657 cm�1 are attributed to
r(H2O), while the band at 636 cm�1 is attributed to u(H2O).
Finally, the low frequencies located between 636 and 462 cm�1

are attributed to the following deformations d(C–C–N), d(C–C–
C) and d(C–S–C).
RSC Adv., 2020, 10, 35174–35184 | 35179
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Fig. 7 DSC-TGA curves of (H2DDS)[Bi4I16].
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3.3. Optical study

The UV-vis absorption and the photoluminescence spectra of
the (H2DDS)[Bi4I16] compound, measured at room temperature,
are illustrated in Fig. 6. It can be seen that the title compound
exhibits two distinct absorption bands around 313 nm and
362 nm. In general, the absorption spectrum of halogen-
obismuthates(III) based compounds exhibits several bands
around 300–400 nm.21,72–74 The rst band at 313 nm (3.96 eV)
corresponding to the higher energy band should can be
assigned to the (LMTC) from the np orbital of I to 6p orbital of
Bi(III) since the (LMCT) transitions are from iodine to Bi(III).
While, the second absorption band at 362 nm (3.42 eV) can be
attributed to the electronic transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). On the other hand, this material exhibits two
luminescence bands which could be even observed with the
naked eye at room temperature. The broad one with
a maximum at 556 nm (2.23 eV) and the weak one with
a maximum at 588 nm (2.10 eV), located in the red region,
indicate that this compound is a potential candidate for red
photoluminescence materials.75 These peaks are attributed to
band to band and excitonic emissions within the iodobismu-
thate inorganic part, respectively. The luminescence originates
from electronic transitions within the inorganic part [Bi4I16]

4�.
As commonly known in organic inorganic compounds, in the
bismuth(III) iodide based hybrids, the lowest exciton state arises
from excitations between the valence band, which consists of
a mixture of Bi(6s) and I(5p) states, and the conduction band,
which derives primarily from Bi(6p) states,73,76 and is conned
zero-dimensionally in the tetrameric [Bi4I16]

4�.
3.4. Thermal analysis

In order to study the thermal stability and the intervening
changes in the (H2DDS)[Bi4I16] crystals, simultaneous TG-DSC
analysis were realized with a heating rate of 5 �C min�1

between 20 and 600 �C. The thermal analysis results are
Fig. 6 Room temperature absorption (Abs) ((red line) and photo-
luminescence (PL) (blue line) spectra of (H2DDS)[Bi4I16].

35180 | RSC Adv., 2020, 10, 35174–35184
reported in Fig. 7. Using precedent works reported in the liter-
ature on similar compounds.32,77–80 The DSC thermogram shows
a dehydration peak at 125 �C, starting at 70 �C and ending at
150 �C, (observed weight loss, 2%; calculated weight loss,
2.09%), attributed to the elimination of the water molecules.
Aer dehydratation, the DSC curve shows two endothermic
peaks, the rst peak at 233 �C corresponds to the organic cation
degradation, the second one at 253 �C which more intense is
attributed to the release of diiodine molecule (I2). This part of
decomposition is accompanied by the second weight loss
observed in the TG thermogram from the temperature 180 to
285 �C (observed weight loss, 21.3% in good agreement with the
calculated value, 21.9%). The remaining peak between 285 �C
and 450 �C accompagned by the important weight loss corre-
sponds to the degradation of the remaining inorganic part
giving rise to a very small black residue.

3.5. Evaluation of in-vitro biological activity

3.5.1. Antioxidant activity of (H2DDS)[Bi4I16] compound.
Conventionally, antioxidants are the foremost defense system
that reduce or neutralize the damage caused by free radicals, by
supplying electrons from antioxidants to these damage cells or
by turning free radicals into waste by-products, which are
Fig. 8 DPPH radical scavenging activity of (H2DDS)[Bi4I16] at different
concentrations.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Reducing power effect of (H2DDS)[Bi4I16] at different
concentrations.
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eliminated from the body.81 It is well known that reactive oxygen
species (ROS) formed during biochemical processes in body
system is highly reactive and potentially damaging transient
chemical species. Additionally, ROS can induce cell death
through diverse mechanisms such as lipid peroxidation, alter-
ation of cellular proteins and initiation of diverse stress-
signaling pathways.82 Hence, more attention has been paid for
the identication of new antioxidants to prevent radical-
induced damage. The antioxidant properties of (H2DDS)
[Bi4I16] compound were evaluated by means of DPPH radical
scavenging activity, metal chelating assay and total antioxidant
activity.

DPPH is a stable nitrogen-centered free radical that has been
widely used as a quick, reliable compound for estimating the
scavenging potential of antioxidants.83 The scavenging activity
of (H2DDS)[Bi4I16]compound on DPPH radical was monitored
in a dose dependent manner (Fig. 8). At nal concentration
(1 mg ml�1), the DPPH radical scavenging activity of (H2DDS)
[Bi4I16]reached about 60%. Interestingly, (H2DDS)[Bi4I16] could
be able to stop the radical chain reaction, retarding as a result
the onset of lipid oxidation and providing a potential benecial
health resource. These results were in agreement with previous
metallic complexes studies, where the ligand has an antioxidant
Fig. 10 Total antioxidant capacity of (H2DDS)[Bi4I16] at different
concentrations.

This journal is © The Royal Society of Chemistry 2020
potential and it is expected that the metal moiety will increase
its activity.84

The reducing power assay is based on the reduction of Fe3+/
ferricyanide complex to the ferrous form, which serves as
a signicant indicator of a potent antioxidant activity. As shown
in (Fig. 9), (H2DDS)[Bi4I16] reducing activity correlated well with
increasing concentrations. The highest value reached OD700 ¼
3 at a dose of 2 mgml�1, which is similar to BHA (Fig. 9). In fact,
the (H2DDS)[Bi4I16] followed the same scavenging process as
DPPH-radical assay, working as reductones by donating
a hydrogen atom and breaking the free radical chain.85 The
presence of reducers as antioxidants induces the reduction of
the Fe3+/ferricyanide complex to the ferrous form. Hence, the
Fe2+ complex can be detected by measuring the formation of
Perl's Prussian blue at 700 nm. In this trend, some results
indicated that there is a direct correlation between antioxidant
activities and reducing power assay.86

Additionally, the total antioxidant capacity, which induced
the reduction of Mo(VI) to Mo(V) by the sample and the forma-
tion of a green phosphate/Mo(V) complex at acid pH, is
measured at 695 nm. The total antioxidant capacities of
(H2DDS)[Bi4I16] and BHA, used as reference, were performed at
different concentrations (0.2–2 mg ml�1) and are illustrated in
(Fig. 10). Similarly, the (H2DDS)[Bi4I16] presented increasing
antioxidant activity with increasing concentration, and the
maximum antioxidative effectiveness (160 mg ascorbic acid
equivalents) was reached at 2 mgml�1. BHA, as positive control,
was found to be more efficient (220 mg ascorbic acid equiva-
lents) at the same concentration. Furthermore, even at low
concentrations, (H2DDS)[Bi4I16] may serve as a potential anti-
oxidant, with 50 mg ascorbic acid equivalents at 0.4 mg ml�1.

In conclusion, these results obtained by preliminary
screening of antioxidant activity suggested that (H2DDS)[Bi4I16]
might serve as interesting compounds for the development of
new antioxidant agent, through to the cooperative effects of
different antioxidant mechanisms.

3.5.2. Antibacterial activity of (H2DDS)[Bi4I16]compound.
Antibacterial activity of the crystal compound was assessed
against eight strains and the mean diameters of inhibition
zones are shown in Table 6. The bacteria used in this study
included the following Gram-positive bacteria: Bacillus cereus
(ATCC 11778), Staphylococcus aureus (ATCC 25923), Listeria
Table 6 Antibacterial activity of (H2DDS)[Bi4I16] using agar-well
diffusion method

Tested microorganisms
Inhibition zone
diameter (mm)

Escherichia coli 11 � 1.41
Listeria monocytogenes 12 � 1.41
Salmonella enterica 15.5 � 0.71
Staphylococcus aureus 11.5 � 0.71
Micrococcusluteus 15 � 1.41
Bacillus cereus 13.5 � 0.71
Enterobacteraeruginosa 8.5 � 0.71
Pseudomonas aeruginosa 8 � 00

RSC Adv., 2020, 10, 35174–35184 | 35181
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monocytogenes (ATCC 43251), Micrococcus luteus (ATCC 4698)
and Gram-negative bacteria: Salmonella enteric (ATCC 43972),
Escherichia coli (ATCC 25922), Enterobacter aeruginosa (ATCC
27853), Pseudomonas aeruginosa (ATCC 49189). From Table 6, it
can be seen that the highest antibacterial activity of the crystal
compound against the Salmonella enterica and Micrococcus
luteus with a zone of inhibition 15.5 mm and 15 mm, respec-
tively. The composed chemical compound exhibited strong
antibacterial activity against Bacillus cereus, Listeria mono-
cytogenes, Staphylococcus aureus and Escherichia coli with a zone
of inhibition 13.5 mm, 12 mm, 11.5 mm and 11, respectively.
However moderate activities were noted by Enterobacter aeru-
ginosa and Pseudomonas aeruginosa with a zone of inhibition
ranging between 8 and 8.5, respectively. Our results demon-
strated that (H2DDS)[Bi4I16] exhibited varying degrees of anti-
microbial activity against Gram-positive and Gram-negative
bacteria in vitro. Interestingly, (H2DDS)[Bi4I16] was found to be
more active against Gram-positive than Gram-negative bacteria,
it could be explained by the differences noted between cell wall
structure of the bacteria. In fact, the Gram-positive bacteria
have a thick cell wall, while the Gram-negative bacteria present
a relatively thin cell wall. This can involve differences in anti-
bacterial susceptibility of a large variety of complexes.87 In
conclusion, bacteria are very strong and have already developed
struggle to many regularly used antibiotics. Our data may pave
the way for the exploitation of new antibacterial product.85

4. Conclusion

In summary, the structural feature of the new iodobismutha-
te(III) compound has been presented, which contains a dipro-
tonated bis (4,40-diammoniumdiphenylsulfone) cation, an
inorganic [Bi4I16]

4� tetramer and cocrystallized water molecules
linked by four types of hydrogen bonds; N–H/OW, OW–H/O,
N–H/I and OW–H/I, which form a self-assembled three-
dimensional layered structure. The vibrational properties of
the prepared compound were studied by Raman scattering and
infrared spectroscopy. The thermal behavior (TGA and DSC)
conrms the stability of this product. The optical properties
were investigated by optical absorption and photoluminescence
measurements, that show an optical absorption band at 3.42 eV,
attributed to the absorption band gap and a band at 3.96 eV,
attributed to an excitonic absorption. Moreover, we found that
two yellow-green photoluminescence peaks at room tempera-
ture are attributed with the band to band and excitonic emis-
sions within the iodobismuthate inorganic part. As for the
biological activities of the synthesized compound, the prelimi-
nary screening of its antioxidant activity suggested that (H2DDS)
[Bi4I16] might serve as interesting compounds for the develop-
ment of new antioxidant agent, through the cooperative effects
of different antioxidant mechanisms. Finally, the antibacterial
activity of the crystal compound may pave the way for the
exploitation of new antibacterial product.
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