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l structure and DFT studies of
a methylphenyl piperazinyl dithiocarbamato zinc(II)
precursor for zinc sulfide nanophotocatalysts used
for the degradation of trypan blue and rhodamine
6G dyes

Peter A. Ajibade, *a Fartisincha P. Andrew,a Thandi B. Mbuyazi,a Tshephiso R. Papoa

and Krishnan Rajeshwarb

A 1-(4-methylphenyl)piperazinyl dithiocarbamato-S,S0 Zn(II) complex was prepared, and its molecular

structure was determined using single-crystal X-ray crystallography. The zinc(II) dithiocarbamate

compound crystallized as a dimeric structure with two zinc(II) ions that are coordinated to two

molecules of 1-(4-methylphenyl)piperazinyl dithiocarbamato anions as bidentate chelating ligands. In

addition, the sulfur atom of the adjacent centrosymmetric molecule is coordinated to the adjacent Zn(II)

ion. The geometry and electronic properties optimized using DFT and the HOMO–LUMO energies

matched the experimental findings. The complex was thermolyzed in octadecylamine (ODA),

dodecylamine (DDA), and hexadecylamine (HDA) to prepare zinc sulfide nanoparticles: ZnS-ODA, ZnS-

DDA, and ZnS-HDA. The as-prepared zinc sulfide nanoparticles were used as photocatalysts for the

degradation of trypan blue and rhodamine 6G dyes. The photocatalytic degradation of trypan blue by

ZnS-ODA showed the highest photocatalytic efficiency of 95.71%, while ZnS-DDA degraded 83.21% of

rhodamine 6G after 180 min. The degradation process followed pseudo-first-order kinetics with rate

constants of 1.69 × 10−2 min−1, 5.18 × 10−3 min−1, and 6.75 × 10−3 min−1 for trypan blue dye and 3.54

× 10−3 min−1, 7.44 × 10−3 min−1, and 6.21 × 10−3 min−1 for rhodamine 6G dye by ZnS-ODA, ZnS-DDA,

and ZnS-HDA, respectively. The results indicate the potential of the as-prepared ZnS nanoparticles as

effective photocatalysts for trypan blue and rhodamine 6G dyes degradation.
1. Introduction

Metal dithiocarbamate complexes are versatile coordination
compounds that are of signicant research interest due to their
diverse structural motif and different applications.1–5 There has
been growing interest in the use of metal dithiocarbamate
complexes as single-source precursors for the preparation of
metal sulde nanoparticles.6–9 Among these, zinc(II) dithiocar-
bamates have become preferred candidates for synthesizing
zinc sulde nanoparticles (ZnS-NPs)10–12 because of their
specic chemical composition and unique properties.13–15 These
complexes consist of both the zinc metal and sulfur within
a single molecular framework. There are several methods for
the preparation of zinc sulde nanoparticles, but the thermal
decomposition of zinc(II) dithiocarbamate complexes as single-
source precursors has received considerable attention.16–18 The
ity of KwaZulu-Natal, Private Bag X01,

frica. E-mail: ajibadep@ukzn.ac.za

, The University of Texas at Arlington,
method allows the precise control of reaction parameters, such
as temperature, capping agent, and time, to prepare well-
dened ZnS nanoparticles tuned for specic applications. The
single-source precursor undergoes a clean decomposition to
produce stoichiometric ZnS with minimal impurities and
eliminates the need for an external sulfur source.

In recent years, semiconductor nanoparticles are being used
as photocatalysts for the degradation of organic dyes.19–21 Try-
pan blue and rhodamine 6G are synthetic diazo and cationic
xanthene dyes that are widely used in industries.22–24 Due to
their high stability, color intensity, and potential toxicity, these
dyes are considered harmful to the environment.25,26 Methods
such as adsorption, oxidation, and photodegradation have been
used to remove dye contaminants from water,27 but recent
studies have shown that the use of semiconductor nano-
particles as photocatalysts is an effective technique for the
degradation of organic dyes.28–30 Zinc sulde nanoparticles have
demonstrated remarkable photodegradation efficiency for
various organic dyes under UV or visible light irradiation.31 In
this study, we present the preparation and molecular structure
of a 1-(4-methylphenyl)piperazinyl dithiocarbamate-S,S0 Zn(II)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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complex. Theoretical studies were used to determine the
molecular and electronic structure of the complex. The Zn(II)
complex was used as a single-source precursor to prepare zinc
sulde nanophotocatalysts in three different capping agents:
octadecylamine (ODA), dodecylamine (DDA), and hexa-
decylamine (HDA) for the degradation of trypan blue and
rhodamine 6G dyes under visible light irradiation.
2. Experimental
2.1. Materials

1-(4-Methylphenyl)piperazine, sodium hydroxide, zinc(II) chlo-
ride, carbon disulde, trioctylphosphine, octadecylamine, and
dodecylamine were purchased from Sigma Aldrich, USA.
Hexadecylamine was obtained from Merck Schuchardt OHG,
Germany. All solvents were used as obtained without further
purication.
2.2. Characterization techniques

The absorption spectra of the ZnS nanoparticles were measured
with a PerkinElmer Lambda 25 UV-Vis spectrophotometer in
the wavelength range of 200–700 nm. The samples were
dispersed in methanol and sonicated to ensure uniform
suspension prior to measurement. The spectra were measured
using a quartz cuvette with a path length of 1 cm. Baseline
correction was performed using methanol as a reference. FTIR
spectra were recorded using a Bruker Alpha II instrument tted
with a platinum attenuated total reectance (ATR) accessory.
The nuclear magnetic resonance (NMR) spectra of the ligand
and zinc(II) dithiocarbamate were recorded in deuterated water
and DMSO using a Bruker 400 MHz spectrometer. Mass spectra
were recorded using a Waters Micromass LCT Premier instru-
ment having an electron spray ionization (ESI) source and time-
of-ight (TOF) mass analyzer. Elemental analysis (CHNS) was
recorded using a CHNS-O Flash 2000 elemental analyzer. Elec-
tron microscopy was performed using SEM-EDS and TEM
images, which were obtained with a Zeiss EVO LS15 microscope
and a JEOL JEM 1400 electron microscope, respectively.
2.3. Preparation of 1-(4-methylphenyl)piperazinyl
dithiocarbamate and the zinc(II) complex

The ligand, 1-(4-methylphenyl)piperazinyl dithiocarbamate, and
the complex were prepared using a previously reported method.32

Sodium hydroxide (0.008 mole, 0.32 g) and 1-(4-methyl phenyl)
piperazine (0.008 mole, 1.4101 g) were magnetically stirred at room
temperature for 20 minutes. The temperature was then reduced to
4 °C, and carbon disulde (0.008 mole, 0.5 mL) was added and
stirred for 3 h. The white product was ltered, washed and dried.
Yield: 91.45% color: white solid, UV-Vis (H2O, lmax, nm) 254,
294, 1H NMR (400 MHz, D2O, d, ppm), 7.07–7.09 (d 2H), 6.90–6.92
(d, 2H), 4.58–4.60 (t, 4H), 3.14–3.17 (t, 4H), 2.26 (s, 3H). 13C NMR
(400 MHz, D2O, d, ppm), 212.23 (CS), 149.01, 129.43, 129.16, 116.61
(–C6H5), 50.13, 49.65 (–CH4NCH4−), 19.11 (–CH3). Selected FTIR n

(cm−1); 916–1001 (C–S), 1212 (C–N), 1417 (C]S),1514 (C–C), 1617
(C]C), 2908, 2813 (–CH2), 3376, 3271, 3200 (C–H).
© 2026 The Author(s). Published by the Royal Society of Chemistry
The zinc(II) dithiocarbamate was prepared from the reaction
of an aqueous solution of the 1-(4-methylphenyl)piperazinyl
dithiocarbamate ligand (0.002 mole, 0.5488 g) and zinc(II)
chloride (0.001 mole, 0.1363 g). The mixture was stirred for 3 h
at room temperature, and the white product was ltered,
washed with distilled water and dried over silica. Crystals suit-
able for single-crystal X-ray crystallography were obtained from
a DMSO solution of the compound layered with methanol.
Yield: 80.30% color: white solid, UV-Vis (DCM, lmax, nm) 253,
281. HSQC-NMR (400 MHz, DMSO, d, ppm), 7.05 (d 2H), 6.87 (d,
2H), 4.16 (t, 4H), 3.18 (t, 4H), 2.21 (s, 3H). Selected FTIR n

(cm−1); 927–1012, (C–S), 1229 (C–N), 1432 (C]S), 1507 (C–C),
1614 (C]C), 2815, 2823 (–CH2), 2980 (C–H). m/z = 565 g mol−1.

2.4. Single-crystal X-ray determination

Crystal structure determinations for the 1-(4-methylphenyl)
piperazinyl dithiocarbamato-S,S0 zinc(II) complex were conducted
on a Bruker APEX-II CCD diffractometer (Billerica, MA, USA)
using graphite monochromated Mo-Ka(l = 0.71073 Å) radiation
at 200 K. The structure of the compoundwas solved with SHELXT
and rened using programs, such as Olex2 and SHELXT.33–35

2.5. Computational analysis

2.5.1. Hirshfeld surface analysis. A Hirshfeld surface
analysis of the compound was carried out using CrystalExplorer
17.5. This analysis evaluates the intermolecular interactions
induced by hydrogen bond donors and acceptors within
a crystal structure, detailing the spatial occupation of a mole-
cule within the crystal. It also visualizes the van derWaals (vdW)
surface around the molecule.36

2.5.2. Computational modelling of the molecular and
electronic properties of the zinc(II) compound. The molecular
and electronic properties of the compound were optimized and
determined in the gas phase via computational modelling,
using the B3LYP method with a 6-31G basis set. Gaussian 09W
soware37 was utilized for optimization, and the results were
visualized using GaussView 5.0. The energy gap between the
highest occupied molecular orbital (DEHOMO) and the lowest
unoccupied molecular orbital (DELUMO) was calculated using
Koopmans' theorem.38 Additionally, the potential nucleophilic
and electrophilic reactive sites on the complex's molecular
surface were identied by the molecular electrostatic potential
(MEP) map at the surface of the electron cloud.

2.6. Synthesis of zinc sulde nanoparticles

4 g of each capping agent (hexadecylamine (HDA), dodecyl-
amine (DDA), and octadecylamine (ODA)) was added separately
to a three-necked round-bottom ask equipped with a reux
condenser, rubber septum, and thermometer. The setup was
purged with nitrogen gas and heated to 150 °C under contin-
uous gas ow until each capping agent melted. A solution of the
zinc(II) dithiocarbamate complex (0.4 g) in 2 mL of tri-
octylphosphine (TOP) was then rapidly injected into each
molten capping agent. The reaction temperature was kept at
150 °C under an inert atmosphere for 1 h. The mixture was
cooled to 70 °C, and the zinc sulde nanoparticles were
RSC Adv., 2026, 16, 1848–1862 | 1849
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View Article Online
precipitated with cold methanol. The precipitate was collected
by centrifugation, washed several times with cold methanol,
and dried under vacuum. The resulting nanoparticles were
labeled as ZnS-ODA, ZnS-DDA, and ZnS-HDA, based on the
respective capping agents.
2.7. Photocatalysis experiments

The photocatalytic activity of the nanoparticles was assessed for
the degradation of 10 mg L−1 aqueous solutions of trypan blue
and rhodamine 6G dyes. In the experiment, 0.05 g of each of the
nanoparticles (photocatalyst) was mixed with a 5 mL aqueous
solution of each dye (10 mg L−1). The mixture was sonicated for
30 minutes and then stirred in the dark for 60 min to achieve
the adsorption–desorption equilibrium of the dye on the
surface of the catalyst. Subsequently, the dye–catalyst mixture
was exposed to visible light for 180 minutes using an OSRAM
HQL (MBF-U) 125 W lamp as the source. Samples of approxi-
mately 5 mL were collected at 30-minute intervals, and the
absorbance was measured. The percentage dye degradation
efficiency was evaluated using eqn (1).

Efficiencyð%Þ ¼ C0 � Ct

C0

� 100 (1)

where C0 and Ct are the initial concentration and concentration
of the dye at time (t), respectively.39

A pseudo-rst order kinetic model was adopted given by eqn (2).

ln
C0

Ct

¼ kt (2)

where k is the rate constant, and C0 and Ct are the initial
concentration and concentration of the dye at time (t),
respectively.

The half-life (t1/2) was also determined using eqn (3).

t1=2 ¼ 0:693

k
(3)

2.8. Determination of reactive species

A quenching experiment was used to determine the reactive
species responsible for the photodegradation of trypan blue and
Fig. 1 Crystal structure of the 1-(4-methylphenyl)piperazinyl-dithiocarb

1850 | RSC Adv., 2026, 16, 1848–1862
rhodamine 6G dyes by the ZnS nanoparticles. Benzoquinone
(BQ), isopropyl alcohol (IPA), and silver nitrate (SN) were used
as cO2

−, cOH, and e− quenchers, respectively.28 10 mM of each
scavenger was added to the dye–catalyst mixture, and the
reaction was performed under the same parameters as the
photocatalysis experiment.

3. Results and discussion
3.1. Spectroscopic studies of the dithiocarbamate ligand
and zinc(II) complex

Proton, and carbon-13 NMR, as well as mass spectrometry data
(Fig. S1–S5) conrmed the successful preparation of the
compounds. The FTIR spectra of the ligand and complex
(Fig. S6A) exhibit characteristic strong bands in the range 3374–
2813 cm−1 corresponding to n (C–H) and n (–CH2), respectively.
These bands became weak and shied in the complex to 2824–
2917 cm−1. Sharp bands at 1614 and 1617 cm−1 in the spectrum
of the ligand are ascribed to the n (C]C) of the p-tolyl moiety.
Sharp bands observed at 1514 and 1417 cm−1 in the ligand were
ascribed to C–C and C]S stretching vibrations, respectively.
These bands were observed at 1507 and 1432 cm−1 in the zinc(II)
complex, respectively. The C–N stretching vibration was observed
at 1212 cm−1 in the ligand and shied to 1229 cm−1 in the
complex. The n (C–S) observed at 916 cm−1 in the ligand shied to
a higher wave number upon coordination to the zinc(II) ions. The
decrease in intensity is ascribed to the delocalization of the p-
electrons within the dithiocarbamato moiety, which is typical of
a bidentately coordinated dithiocarbamate ligand.40 The elec-
tronic spectra of the ligand and zinc(II) complex (Fig. S6 B1 and
B2) showed two absorptions at 254 and 294 nm, respectively,
which are due to intra-ligand charge transfer transitions. These
absorptions shied to 253 and 281 nm, respectively, upon coor-
dination in the complex owing to charge transfer transitions for
the lled d-orbitals of the zinc(II) complex to the ligand orbitals.41

3.2. Molecular structure of the Zn(II) dithiocarbamate
complex

The molecular structure of the Zn(II) dithiocarbamate complex
is shown in Fig. 1 and crystal packing in Fig. 2. The crystal data
amato Zn(II) complex.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Single-crystal data and structure refinement of the Zn(II)
complex

Formula C48H60N8S8Zn2

Formula weight 1136.30
Crystal system Triclinic
Space group P1
a(Å) 9.8071 (3)
b(Å) 15.3901 (5)
c(Å) 17.9139 (6)
a(°) 72.8133 (13)
b(°) 81.7075 (12)
g(°) 80.7202 (13)
V(Å3) 2535.84 (14)
Z 2
r(calc) [g cm−3] 1.488
m(Mo-Ka) (mm−1) 1.319
F(000) 1184
Crystal size (mm) 0.06 × 0.23 × 0.23
Temperature (K) 200
Radiation (Å) 0.71073
q range (°) 1.4, 28.3
h, k, l –13 : 13, −20 : 20, −23 : 23
Total reections 123 842
Unique reections 12 534 (Rint = 0.060)
Observed data [I > 2.0 s(I)] 9294
Nref, Npar 12 534, 600
R, wR2, S 0.0370, 0.1119, 1.15
Largest diff. Peak, hole (e Å3) −0.61, 0.62
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and structure renement details are presented in Table 1. The
molecular structure without hydrogen for clarity and short
contact stacking is shown in Fig. S7. Selected bond lengths and
bond angles of experimental and theoretical values are pre-
sented in Tables S1 and S2. The complex crystallized out in a P1
space group, a triclinic crystal system, suggesting that there was
only one lattice point per unit cell. The structure formed
a centrosymmetric dimeric unit of the zinc(II) dithiocarbamate
Fig. 2 Crystal packing of the 1-(4-methylphenyl)piperazinyl-dithiocarba

© 2026 The Author(s). Published by the Royal Society of Chemistry
complex. Each of the zinc(II) ions was coordinated to two 1-(4-
methyl phenyl) piperazinyl-dithiocarbamate ligands in a bi-
dentate chelating mode with one of the ligands concurrently
bridging the other Zn(II) unit to form a ve-coordinate geometry
around each Zn(II) ion. The geometry around each zinc(II) ion is
best described as a distorted square pyramidal geometry. The
bond angles on the plane formed by the four sulfur atoms of
both units were S11–Zn1–S21, 107.99(3)° and S32–Zn2–S41,
103.80(3)°. There was a weak adjacent Zn/S bridging interac-
tion across the inversion center with slightly unequal Zn1/S42
and Zn2/S22 bond lengths at 2.394 Å and 2.396 Å, respectively.

This trend is similar to those of some reported dinuclear
zinc(II) dithiocarbamate complexes, namely N,N-di-
allyldithiocarbamato-Zn(II),42 N-ethyl-N-phenyl-
dithiocarbamato-Zn(II),43 and diallydithiocarbamato-Zn(II).44

The Zn–S bond lengths are in the range of 2.36 Å–2.774 Å. The
thioureide C–S and N–C bond lengths are in the range of 1.712
Å–1.754 Å and 1.314 Å–1.327 Å, respectively, similar to those
observed in other dinuclear zinc(II) dithiocarbamate
complexes.42,45–47
3.3. Structural optimization

The computationally rened and experimental geometries of
the complex were compared (Fig. 3). Detailed comparisons of
selected experimental bond lengths and angles with the calcu-
lated values are listed in Tables S1 and S2. The computationally
optimized structure closely aligns with the experimentally
determined single-crystal X-ray structure. The comparative
experimental and theoretical values of the bond lengths and
bond angles showminimal deviations. The mean absolute error
(MAE) for the bond lengths is 0.042707 Å, and the mean square
absolute error (MSAE) is 0.003557 Å, indicating that, on average,
the calculated bond lengths are within 0.042707 Å of the
experimental values. Similarly, the MAE for the bond angles is
mato Zn(II) complex view down reciprocal cell axis C.

RSC Adv., 2026, 16, 1848–1862 | 1851
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Fig. 3 Overlay of the experimental and optimized structures of 1-(4-
methylphenyl)piperazinyl-dithiocarbamato Zn(II).
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3.614103°, and the MSAE is 26.03925°, which indicates that, on
average, the calculated bond angles are within 3.614103° of the
experimental values. The negligible magnitude of errors
between these values indicates a good t for the computational
model.36,48 The comparative correlation between the experi-
mental and calculated values is also demonstrated in the graphs
shown in Fig. S8a and b for the bond lengths and angles,
respectively. The graphs reveal R2 coefficients of 0.9967 and
0.95438, respectively, indicating a strong agreement between
the experimental and calculated structures.
3.4. Molecular interaction on Hirshfeld surface maps

The crystal structure was analysed using Crystal Explorer
17.5.49,50 This analysis generates a surface based on the electron
density associated with molecular contacts, specically where
the electron density of a molecule equals that contributed by
a neighboring molecule.51 Fig. 4 shows a 3D diagram of
different interactions within the crystal lattice that highlights
short contacts that are less than the sum of van der Waals radii.
Fig. 4a displays the Hirshfeld surface mapped with a dnorm
surface plot, showing atoms within a 3.80 Å radius cluster. The
dnorm plot reveals diverse molecular surface properties. Red
areas on the surface indicate strong piperazinyl-aryl (C–H/C),
methyl–aryl (C–H/C), and aryl–sulfur (C–H/S) interactions.
White areas indicate relatively weak interactions, including
Fig. 4 Molecular interaction on the Hirshfeld surface mapped with dnorm
and the crystal structure showing short contact < sum of vdW radii (d).

1852 | RSC Adv., 2026, 16, 1848–1862
piperazinyl-aryl (C–H/H) and aryl–aryl (C–H/H) interactions.
The blue regions indicate longer intermolecular contacts, while
the white areas correspond to the approximation of the van der
Waals radii. In addition, the red regions denote negative
potential with electrophile characteristics, and the blue regions
represent positive potential with nucleophile characteristics.
Similarly, Fig. 4b depicts the Hirshfeld surface mapped with the
shape index, where the red concave areas represent p/p cyclic
stacking interactions, and the blue areas indicate ring atoms
within the molecule. Fig. 4c shows the Hirshfeld surface map-
ped with curvedness, with at regions indicating cyclic stacking
interactions within the molecule.51 Fig. 5 shows the 2D nger-
print plots of close contacts from the elements and surface
maps. The plot suggests that crystal packing is dominated by
H/H contacts, accounting for 54.7% of the interactions.
Contributions from other contacts, including sulfur–hydrogen
(S/H), carbon–oxygen (C/O), nitrogen–hydrogen (N/H),
zinc–hydrogen (Zn.H), carbon–nitrogen (C/N), carbon–
carbon (C/C), and carbon–sulfur (C/S), are 14.3%, 8.2%,
0.8%, 0.6%, 0.1%, and 0.3%, respectively. The graph of these
contacts is shown in Fig. S6.
3.5. Electronic activities within the molecular orbitals

Frontier molecular orbital (FMO) analysis was used to examine
the electronic activities within the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of a molecule. This reveals various molecular proper-
ties, including stability, chemical reactivity, and optical and
electrical characteristics. The energy difference between these
energy levels (HOMO–LUMO) or molecular orbitals is a key
factor for understanding these properties and the chemical
compound's general chemical behaviour.52 Thus, a smaller
energy gap signies a more unstable and highly reactive mole-
cule, which necessitates less excitation energy. In contrast,
a bigger energy difference signies stability and low reactivity.53

In this study, the complex was identied as electron-rich,
indicating an electron-donating capacity in the HOMO and an
electron-accepting capacity in the LUMO, highlighting its
potential in electron transfer chemical processes. Fig. 6 displays
and atoms within 3.80 radii contact (a), shape index (b), curvedness (c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 2D fingerprint plots of the close contacts from elements and surfaces mapped with dnorm.
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the HOMO–LUMO diagram of the complex, with green and red
colors indicating the molecular orbitals (MOs); the green and
red colors denote the negative and positive phases of the
complex, respectively. The HOMO orbital is predominantly
localized around the phenylpiperazine ring, suggesting that the
p-electrons are spread around the molecule. Conversely, the
LUMO orbital is primarily localized around the metal and thi-
oureide. Thus, the energy gap (DEgap) for this complex was
determined from eqn (4) to be DEgap = 3.7030 eV, which indi-
cates a reactive molecule. The detailed FMO reactivity parame-
ters are presented in Table S3.

DEgap = ELUMO − EHOMO (4)

3.6. Molecular electrostatic potential (MEP) and Mulliken
charge distribution analysis

AnMEP analysis was conducted to determine the distribution of
electrons within the complex and how this distribution affects
its electrostatic potential. The electron density map reveals
where electrons are most located within the molecule,
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicating regions of high and low electron density and their
impact on the electrostatic potential around the molecule. This
information provides insights into the compound's reac-
tivity.54,55 Regions of high electron density correspond to areas
of negative electrostatic potential, which may attract positively
charged species, while regions of low electron density might
attract negatively charged species. Combining electron density
with ESP mapping provides a comprehensive picture of
a molecule's electronic environment, which is essential to
understanding its chemical properties and reactions with other
biomolecules.56 In Fig. 7a, the region mapped in color indicates
an electron-decient area, making it favorable for nucleophilic
attack. Conversely, the region mapped in red denotes an
electron-rich area with a high concentration of electrons,
making it susceptible to electrophilic attack.

Fig. 7b shows the Mulliken charge distribution indicating
the partial charges on individual atoms. The charge was calcu-
lated using the electron on each atom. The positive atoms in
green are electron-decient, suggesting a loss of electron
density relative to their neutral state, making them potential
reactive sites, especially in nucleophilic reactions. These atoms
RSC Adv., 2026, 16, 1848–1862 | 1853
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Fig. 6 HOMO–LUMO plots of the 1-(4-methylphenyl)piperazinyl-dithiocarbamato Zn(II) complex.

Fig. 7 Electron density from the total SCF density mapped with the
ESP of the complex with the blue and red colours indicating the most
positive and negative regions, respectively (a) and the Mulliken charge
distribution (b).

Fig. 8 P-XRD patterns of the ZnS nanoparticles.
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contribute to areas of positive electrostatic potential around the
molecule, which affect its interactions with charged species and
its solvation behavior. Conversely, atoms with negative charges
are bonded to less electronegative atoms, which reect unequal
electron sharing that makes them potential reactive sites,
particularly in electrophilic reactions.57,58 The hydrogen,
nitrogen, and zinc atoms exhibit positive Mulliken charges,
while the carbon atoms have negative charges. The increased
electron density in the carbon atoms is due to the delocalization
of p-electrons in the aryl and piperazinyl rings, resulting in
negative Mulliken charges.

3.7. Powder X-ray diffraction (P-XRD) patterns of the zinc
sulde nanoparticles

In the P-XRD patterns of the as-synthesized ZnS nanoparticles
(Fig. 8), the observed diffraction peaks for ZnS-HDA at 22.96°,
25.89°, 27.61°, 33.32°, 43.14°, 46.94°, 51.68°, 55.74° and 66.87°
1854 | RSC Adv., 2026, 16, 1848–1862
correspond to the (100), (002), (101), (200), (102), (110), (103),
(112) and (202) planes of wurtzite ZnS, respectively. Similarly,
ZnS-DDA exhibits peaks at 22.88°, 24.80°, 27.58°, 33.64°, 41.52°,
and 48.69°, which correspond to (100), (002), (101), (200), (102)
and (110) planes of wurtzite ZnS, respectively. ZnS-ODA shows
peaks at 22.44°, 25.12°, 27.54°, 33.57°, 43.05°, 47.97°, 56.35°,
and 66.60°, corresponding to (100), (002), (101), (200), (102),
(110), (112), and (202) planes, respectively.

The X-ray diffraction analysis of the ZnS nanoparticles
synthesized using different capping agents conrms that all the
samples predominantly crystallize in the hexagonal crystalline
wurtzite phase (JCPDS No. 36-1450).59,60 The peaks marked with
stars (*) are indexed to the cubic zinc blende (sphalerite)
crystalline phase of ZnS (JCPDS No. 05-0566),61 which indicates
the coexistence of a minor zinc blende phase, while the aster-
isks (*) indicate diffraction peaks from the hexadecylamine
capping agents. The use of different capping agents results in
distinct interactions with the surface of the ZnS nanoparticles
during synthesis, thereby inuencing nucleation and crystal
growth dynamics.62,63 These varying interactions result in
differences in crystallite size, lattice strain and defect density,
which are reected in subtle shis or the appearance or
© 2026 The Author(s). Published by the Royal Society of Chemistry
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disappearance of specic diffraction peaks. Notably, the
diffraction patterns of ZnS-ODA and ZnS-HDA exhibit broad
peaks, while ZnS-DDA shows narrow and sharp diffraction
peaks, which may be due to the differences in crystallite size,
strain, or disorder.64

The average crystallite size was calculated from the full width
at half maximum (FWHM) of the (100) diffraction peak using
the Debye–Scherrer equation. The FWHM and corresponding
Bragg angle (q) were obtained by tting all the diffraction peaks
with a Gaussian function. The calculated crystallite sizes for
ZnS-DDA, ZnS-HDA, and ZnS-ODA were 2.79 nm, 4.84 nm, and
4.61 nm, respectively. Additionally, the lattice parameter,
another crucial structural property derived from the di-
ffractogram, was evaluated. Hexagonal wurtzite ZnS exhibits
a standard lattice constant of 3.892 Å.61 The calculated lattice
constants for the as-prepared ZnS nanoparticles were 3.8787 Å,
3.8227 Å, and 3.9295 Å for ZnS-DDA, ZnS-HDA, and ZnS-ODA,
respectively. These results indicate slight variations in the
lattice parameters among the nanoparticles, as well as deviation
from the standard ZnS value, which may be attributed to
differences in crystallite size and the resulting lattice strain
induced by the different capping agents.65
3.8. Morphological studies of the zinc sulde nanoparticles

In the TEM micrographs of the zinc sulde nanoparticles
(Fig. 9), ZnS-DDA displays agglomerated quasi-spherical nano-
particles with an average particle size of 3.13 ± 0.83 nm and
Fig. 9 TEM micrographs and particle size distribution histogram of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
a narrow distribution. The short-chain DDA provides weak
steric repulsion, resulting in high surface-energy nanocrystals
that rapidly agglomerate because of van der Waals forces to
minimize the exposed surface area.66 However, the short ligand
effectively suppresses Ostwald ripening, preserving small
particle dimensions.67 ZnS-HDA nanoparticles exhibit an
agglomerated quasi-spherical and short rod-like morphology
with an average particle size of 5.60 ± 2.10 nm. HDA provides
partial steric stabilization, enabling preferential growth along
the crystallographic axes, which gives rise to the mixed
morphologies.68 In contrast, ZnS-ODA nanoparticles are larger,
irregularly shaped, and well-dispersed, with an average particle
size of 10.44 ± 2.98 nm. The longest chain, ODA, forms a thick
organic shell that provides steric hindrance.69 This passivation
prevents interparticle contact, promoting extended growth via
Ostwald ripening and yielding highly dispersed nanoparticles.

The cross-sectional SEM micrographs and multi-element
EDS mappings of the zinc sulde nanoparticles (Fig. S10–12)
revealed well-dened multi-layered rod-like particles with
smooth surfaces (Fig. S10). ZnS-DDA has rock-like surface
morphologies with hollow spheres, while ZnS-ODA has cloud-
like surface morphologies with hollow spheres (Fig. S11 and
12). The EDS elemental mapping of the nanoparticles shows the
composition of Zn, S and C. The percentages of Zn and S were
found to be 48.38 and 51.62 for ZnS-HDA, 34.80 and 65.20 for
ZnS-DDA and 11.33 and 25.98 for ZnS-ODA, respectively, as well
as 62.69% of C in the case of ZnS-ODA. The high carbon content
in ZnS-ODA is due to both the capping agent and carbon tape
ZnS nanoparticles.

RSC Adv., 2026, 16, 1848–1862 | 1855
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that was used for the sample preparation. The EDS mapping
indicated that the Zn and S elements are ubiquitously distrib-
uted over the entire image, with blue and yellow coloration,
respectively, in the case of the ZnS-HDA and ZnS-DDA nano-
particles. That of ZnS-ODA shows Zn, S, and C in turquoise blue,
blue and yellow coloration, respectively. These results conrm
the successful preparation of the ZnS nanoparticles.70

3.9. Optical absorption studies of the ZnS nanoparticles

The optical absorption spectra and energy band gap of the ZnS
nanoparticles (Fig. S13–S15) revealed absorption band edges at
285 nm, 327 nm, and 285 nm for ZnS-ODA, ZnS-DDA, and ZnS-
HDA, respectively. The absorption band edges are due to the
excitation of electrons from the sulfur 3p orbitals in the valence
band to the zinc 4s orbitals in the conduction band.71 The
energy bandgap of the nanoparticles was calculated using the
Tauc plots. ZnS-HDA and ZnS-DDA exhibit band gap energies of
3.70 eV and 3.64 eV, respectively, which are lower than that of
bulk wurtzite ZnS.72 The reduction in band gaps is attributed to
the surface defect states.73,74 The defects, such as zinc and sulfur
vacancies, in ZnS nanoparticles have been reported to enhance
the generation of reactive oxygen species.75 These vacancies
create mid-gap states that serve as electron traps, thereby
promoting the separation of electrons and holes.76–78 In
contrast, ZnS-ODA exhibited an energy bandgap of 3.93 eV,
Table 2 Percentage photodegradation, rate constant, and half-life of th

Dye Photocatalyst % Photodegradation

Trypan blue Control 1.30
ZnS-ODA 95.71
ZnS-DDA 61.06
ZnS-HDA 73.19

Rhodamine 6G Control 1.39
ZnS-ODA 47.83
ZnS-DDA 83.21
ZnS-HDA 71.53

Fig. 10 Degradation efficiency curves of (a) trypan blue and (b) rhodam

1856 | RSC Adv., 2026, 16, 1848–1862
which is higher than that of bulk ZnS and can be attributed to
quantum connement effects.79 The band gap energies of the
as-prepared ZnS nanoparticles are comparable to those of other
reported ZnS nanophotocatalysts.80–82

3.10. Photocatalytic degradation studies

The photocatalytic activities of the nanoparticles were evaluated
by the degradation of 10 mg L−1 of trypan blue and rhodamine
6G dyes under visible light. The degradation spectra of the dyes
are shown (Fig. S16 and S17). The degradation of the dyes with
and without ZnS nanoparticles was evaluated. From the result,
only 1.30% trypan blue dye and 1.39% rhodamine (Table 2)
degradation was observed in the absence of the ZnS photo-
catalyst aer 180 min. However, in the presence of the nano-
photocatalyst, the percentage degradation of the dyes increased
with time. Fig. 10 shows the percentage photocatalytic degra-
dation of the dyes with time. It shows that ZnS-ODA, ZnS-DDA,
and ZnS-HDA degraded 95.71%, 61.06%, and 73.19% of trypan
blue dye, respectively (Fig. 10a). This suggests that the longer
alkyl chain-capped ZnS nanoparticles enhance photocatalytic
performance compared to DDA and HDA, which may be due to
particle dispersion, reduced aggregation, and enhanced inter-
facial charge transfer.83 The dispersion of ZnS-ODA ensures the
maximum exposure of active surface sites and facilitates the
efficient diffusion of dye molecules toward the catalyst,
e as-prepared ZnS nanoparticles

Rate constant, k (min−1) R2 value Half-life (min)

6.95 × 10−5 � 1.31 × 10−5 0.8693 9.97 × 103

0.01688 � 0.00112 0.9787 41.06
0.00518 � 2.33 × 10−4 0.9880 133.81
0.00675 � 6.91 × 10−4 0.9503 102.69
7.27 × 10−5 � 1.20 × 10−5 0.9857 9.53 × 103

0.00354 � 0.00057 0.8854 195.80
0.00744 � 0.00119 0.8874 93.16
0.00621 � 0.00126 0.8501 111.61

ine 6G dyes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Degradation of (a) trypan blue and (b) rhodamine 6G (Ct/C0) with time.
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contributing signicantly to its superior photocatalytic perfor-
mance against trypan blue.84 Thus, 47.83%, 83.21%, and
71.53% of rhodamine 6G dye was degraded in the presence of
ZnS-ODA, ZnS-DDA, and ZnS-HDA (Fig. 10b), respectively. ZnS-
DDA demonstrated superior performance, indicating that the
shorter alkyl chain-capped ZnS nanoparticles are more favour-
able for degrading cationic xanthene dye, which could be
ascribed to their electrostatic attraction and adsorption affinity
for the dye molecules.85,86 Fig. 11 illustrates the progressive
decrease in the changes in dye concentration, indicating their
degradation with time.

The rate constant (k) observed for the trypan blue dye
degradation from the linear tted curves of natural logarithm of
(C0/Ct) versus time (Fig. 12) are 0.01688 min−1 (R2 = 0.9787),
0.00518 min−1 (R2 = 0.9880), and 0.00675 min−1 (R2 = 0.9503)
in the presence of ZnS-ODA, ZnS-DDA and ZnS-HDA,
Fig. 12 Kinetic plots of (a) trypan blue and (b) rhodamine 6G.

© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively. Similarly, rate constants (k) of 0.00354 min−1 (R2 =

0.8854), 0.00744 min−1 (R2 = 0.8874), and 0.00621 min−1 (R2 =

0.8301) were observed for the Rhodamine dye degradation by
ZnS-ODA, ZnS-DDA, and ZnS-HDA, respectively. ZnS-ODA
exhibited the highest rate constant for trypan blue, while ZnS-
DDA achieved the fastest degradation for rhodamine 6G. This
is consistent with the degradation efficiency percentages. The
high R2 values (>0.85) conrm good adherence to rst-order
kinetics. The half-lives of the nanoparticles are high under
controlled conditions, suggesting relatively slow degradation
under photolysis.87

A comparison of the photocatalytic degradation of the dyes
to that of reported nanoparticles is presented in Table 3. The
ZnS nanophotocatalyst reported in the present study exhibits
relatively good photocatalytic degradation efficiency and can,
RSC Adv., 2026, 16, 1848–1862 | 1857
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Table 3 Comparison of percentage photodegradation of the dyes by the as-prepared ZnS nanoparticles and other metal sulfide-containing and
allied nanoparticles

Photocatalyst Irradiation time Light source % Degradation Reference

Trypan blue dye
Bi2−xCuxO3 NPs 48 min W-lamp light 85.5% 88
Mercaptoacetic acid-capped SnS nanorods 4 h Sunlight 95% 89
Ag3PO4/Bi2S3-HKUST-1-MOF 25 min LED 98.44% 90
CuO 300 min UV light 82.9% 28
PAN/a-FeOOH NFs 120 min Solar light 99.7% 91
ZnO 120 min Visible light 70% 92
ZnO:Ag nanoparticles 180 min 80% 92
ZnS-NPs 180 min Visible light 96.39% Present study

Rhodamine 6G dye
Pc-MnFe2O4–TiO2 bers 270 min Modulight® Medical Laser system 64.5% 93
3-g-C3N4–ZnO bers 270 min Modulight® Medical Laser system 96.7% 94
PANI/ZnS 60 min UV light 80.62 95
Ni–Mn–S/rGO 150 min Sunlight 93.2% 96
Ag–ZnS-MWCNTs 116 min Visible light 87.53% 97
(SnS)3/(CdS)1-montmorillonite 360 min Visible light 97% 98
ZnS-NPs 180 min Visible light 84.22% Present study
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therefore, be used for the photodegradation of trypan blue and
rhodamine 6G.
3.11. Inuence of different reactive species on trypan blue
and rhodamine 6G photocatalytic degradation

The inuence of reactive species on the photocatalytic degra-
dation of (a) trypan blue and (b) rhodamine 6G was evaluated
using isopropyl alcohol (IPA) as a hydroxyl radical (cOH) scav-
enger, silver nitrate (SN) as an electron (e−) scavenger, and
benzoquinone (BQ) as a superoxide radical (cO2

−) scavenger.
The results are presented in Fig. S19(a) and (b). In the absence
of scavengers, ZnS exhibited high degradation efficiency for
both dyes. However, the degradation efficiency signicantly
decreased upon the addition of scavengers, suggesting that
multiple reactive species contribute to the photocatalytic
process. Upon introducing SN, a drastic decrease in the
Scheme 1 Possible mechanism for the photocatalytic degradation of the
ODA nanoparticles.

1858 | RSC Adv., 2026, 16, 1848–1862
degradation efficiency was observed (11.24–21.67% for trypan
blue and 3.59–17.02% for Rhodamine 6G), indicating that
photogenerated electrons (e−) play a major role in the photo-
catalytic reaction by facilitating the formation of cO2

− via O2

reduction.99,100 The presence of BQ also suppressed the degra-
dation efficiency to 3.83–13.02% for trypan blue and 7.04–
18.34% for rhodamine 6G, indicating that cO2

− radicals are
major oxidative species for rhodamine 6G and secondary
species for trypan blue. The addition of IPA also reduced the
degradation efficiency to 4.63–9.91% for trypan blue and 2.08–
9.67% for rhodamine 6G, suggesting that hydroxyl radicals
(cOH) are the primary reactive species in the degradation reac-
tion for both dyes.101 These results show that the photocatalytic
degradation of trypan blue and rhodamine 6G by ZnS nano-
particles proceeds through oxidation and reduction reactions
involving e−, cO2

−, and cOH species generated upon light
irradiation.
trypan blue and rhodamine 6G dyes by ZnS-HDA, ZnS-DDA, and ZnS-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 illustrates the plausible mechanism for the pho-
tocatalytic degradation of the trypan blue and rhodamine 6G
dyes. Upon irradiation by visible light with an energy equal to or
greater than the bandgap of the ZnS nanoparticles, electrons in
the valence band are promoted to the conduction band. This
excitation generates electron–hole pairs on the catalyst surface,
initiating redox reactions.102 The excited electrons reduce the
dissolved oxygen molecules to form superoxide radicals (cO2

−),
while the holes oxidize the water molecules to generate hydroxyl
radicals (cOH). These reactive oxygen species undergo a series of
reactions, ultimately breaking down the dye molecules into
smaller, less harmful compounds like CO2, water, and mineral
salts.103

4. Conclusions

A 1-(4-methylphenyl)piperazinyl dithiocarbamato-S,S0 zinc(II)
complex was prepared and characterized by single-crystal X-ray
crystallography. The molecular structure reveals that the
compound is a dimeric zinc(II) dithiocarbamate complex, where
each zinc(II) ion coordinates to two molecules of the 1-(4-methyl
phenyl)piperazinyl dithiocarbamato ligand in a bidentate
chelatingmode and is further bridged by the adjacent sulfur ion
of the centrosymmetric ligand molecule. Computational
molecular modelling of the optimized structure of the zinc(II)
compound was performed to determine the correlation between
the experimental and theoretical molecular and electronic
properties. The theoretical results showed reasonable agree-
ment with the experimental data. The complex was used as
a single-source precursor and thermolyzed in octadecylamine
(ODA), dodecylamine (DDA), and hexadecylamine (HDA) to
prepare zinc sulde nanoparticles: ZnS-ODA, ZnS-DDA, and
ZnS-HDA. The ZnS nanoparticles were used as photocatalysts
for the degradation of trypan blue and rhodamine 6G dyes, with
95.71% and 83.21% photocatalytic degradation efficiencies
achieved aer 180 minutes, respectively. The kinetic study
conrmed a pseudo-rst-order photodegradation model for the
as-synthesized ZnS nanoparticles.
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