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Synthesis and Crystal Structures of Bis(diallydithiocarbamato)zinc(ll)
and Silver(l) Complexes: Precursors for Zinc Sulfide and Silver
Sulfide Nanophotocatalysts
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ABSTRACT: We report the preparation and crystal structures of bis-
(diallydithiocarbamato)zinc(Il) and silver(I) complexes. The compounds were used
as single-source precursors to prepare zinc sulfide and silver sulfide nanophotocatalysts.
The molecular structure of bis(diallydithiocarbamato)zinc(II) consists of a dimeric
complex in which each zinc(II) ion asymmetrically coordinates with two
diallydithiocarbamato anions in a bidentate chelating mode, and the centrosymmetri-
cally related molecule is bridged through the S-atom that is chelated to the adjacent
zinc(1I) ion to form a distorted trigonal bipyramidal geometry around the zinc(II) ions.
The molecular structure of bis(diallydithiocarbamato)silver(I) formed a cluster
complex consisting of a trimetric Ag;S; molecule in which the diallydithiocarbamato
ligand is coordinated to all the Ag(I) ions. The complexes were thermolyzed in
dodecylamine, hexadecylamine, and octadecylamine (ODA) to prepare zinc sulfide and
silver sulfide nanoparticles. The powder X-ray diffraction patterns of the zinc sulfide
nanoparticles correspond to the hexagonal wurtzite while silver sulfide is in the acanthite crystalline phase. The high-resolution
transmission electron microscopy images show that quantum dot zinc sulfide nanoparticles are obtained with particle sizes ranging
between 1.98 and 5.49 nm, whereas slightly bigger silver sulfide nanoparticles are obtained with particle sizes of 2.70—13.69 nm. The
surface morphologies of the ZnS and AgS nanoparticles capped with the same capping agent are very similar. Optical studies
revealed that the absorption band edges of the as-prepared zinc sulfide and silver sulfide nanoparticles were blue-shifted with respect
to their bulk materials with some surface defects. The zinc sulfide and silver sulfide nanoparticles were used as nanophotocatalysts for
the degradation of bromothymol blue (BTB) and bromophenol blue (BPB). ODA-capped zinc sulfide is the most efficient
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photocatalyst and degraded 87% of BTB and 91% of BPB.

B INTRODUCTION

Coordination compounds containing dithiocarbamate are a
class of transition metal complexes that can be prepared using
various synthetic methods." In recent years, their potentials in a
wide range of applications such as analytical chemistry, materials
science, catalysis, and medicine® are being investigated.
Interest in dithiocarbamate compounds is due to their ability
to coordinate with different metal ions in different oxidation
states and form different structural motifs.” The coordination
behavior of each dithiocarbamate complex is paramount for
their potential applications.” Metal dithiocarbamate complexes
have been shown to be air stable and soluble in solvents such as
dichloromethane, chloroform, water, and ethanol.’ They
possess unique properties such as electrophilicity, Lewis acidity,
redox activity, valency, and radiochemical ability.” Metal
complexes with sulfur-donor ligands have electrical conductiv-
ity, molecular magnetism, and electrochemical properties.®
Thus, complexes of dithiocarbamate ligands have been applied
in various applications such as in medicine and catalysis and as
precursors for the preparation of metal sulfide nanoparticles.”” "'
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The use of illuminated semiconductors to decompose
unwanted organic matter in water has received considerable
interest in recent years.'”~'* Organic chemicals found as
pollutants in industrial or household wastewater need to be
removed before they are released into the environment. Such
pollutants are also found in groundwater and surface water and
must be treated to achieve acceptable drinking water quality.
Therefore, it is important to identify the optimal treatment
method for removing contaminants from wastewater. Photo-
catalytic decontamination of wastewater is a process that
combines heterogeneous catalysis and UV/visible light tech-
nology."”” The heterogeneous photocatalytic action of the
semiconductor nanomaterial can lead to complete decontami-
nation. Semiconductor photocatalysts such as metal sulfide have
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Table 1. Crystal Data and Structure Refinement Details for [Zn,(dalldtc),] (1) and [Ag;(dalldtc);] (2)

compounds [Zn,(dalldtc)4]
empirical formula C14HyN,S,Zn
formula weight 409.93
temperature/K 99.98
crystal system triclinic
space group P1
a/A 7.9470(3)
b/A 9.4006(3)
c/A 12.9509(5)
al® 76.8860(10)
B/° 77.7450(10)
y/° 77.7640(10)
volume/A3 907.08(6)
z 2
Peacg/cm® 1.501
u/mm™! 6.127
F(000) 424.0

0.405 X 0.28 X 0.155
CuKa (1 = 1.54178)
7.114 to 136.11

crystal size/ mm?>

radiation

20 range for data collection/°
index ranges

reflections collected 19,533
independent reflections
data/restraints/parameters 3228/0/222
goodness of fit on P 1.154

final R indexes [I> = 26 (I)]
final R indexes [all data]

—9<h<9,-11<k<1l,-15<1<15

3228 [Ri,, = 0.0234, Ry, = 0.0150]

R, = 0.0214, WR, = 0.0540
R, = 0.0219, WR, = 0.0545

[Ag;(dalldtc)3]
Ca1Hj0Ag; NS4
840.45
102.84
monoclinic
P2,/c
10.2956(3)
15.0077(4)
18.7727(S)
90
102.2400(10)
90
2834.69(14)
4
1.969
20.721
1656.0
0.22 X 0.165 X 0.1
CuKa (4 = 1.54178)
7.61 to 136.528
—-12<h<12,-18<k<18,-22<1<22
42,980
5180 [Ri, = 0.0351, Ry, = 0.0201]
5180/0/346
1.139
R, = 0.0197, wR, = 0.0500
R, = 0.0199, wR, = 0.0502

largest diff peak/hole/e A3 0.24/-0.36 0.51/-0.84
H4A
oy " /, ™ H13B
Ny of
Ju8 cs 03

H13A
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Figure 1. Molecular structure of [Zn,(dalldtc),] showing an atomic labeling displacement ellipsoid at S0% probability.

been applied in wastewater treatment.'®'” Among some

semiconductor photocatalysts, ZnS and Ag,S nanoparticles
with low bandgaps are efficient photocatalysts under irradiation
with visible light source.'®"

Al-Shehri and co-workers evaluated the photocatalytic
performance of Ag,S nanoparticles, with energy bandgaps in
the range of 1.014—1.026 eV, in methyl green dye under
illumination of UV /visible light. The silver sulfide nanoparticles
showed excellent photocatalytic behavior; hence, they can be
used in water treatment applications.”” The zinc sulfide

nanoparticle has also been studied for its photocatalytic
potential due to its relatively high potentials of conduction
band electrons and valence band.”' Recently, Aziz et al. prepared
chitosan-capped zinc sulfide nanoparticles (CS-ZnS-NPs) and
evaluated their use as a photocatalyst for the degradation of toxic
dyes. At the optimum conditions, the nanoparticles degraded
96.7% of acid black 234 in 100 min and 92.6% of acid brown 98
in 165 min. The nanoparticles were easily recovered and
recycled for four successive batches. In this study, we present the
synthesis, characterization, and single-crystal X-ray structures of
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Figure 2. Molecular structure of [Ag;(dalldtc);] showing an atomic labeling displacement ellipsoid at 50% probability.

bis(diallydithiocarbamato)zinc(II) and bis-
(diallydithiocarbamato)silver(I) complexes. The complexes
were thermolyzed at 200 °C in dodecylamine (DDA),
hexadecylamine (HDA), and octadecylamine (ODA) to prepare
zinc sulfide and silver sulfide nanophotocatalysts. The potential
of the as-prepared nanoparticles as photocatalysts was evaluated
against bromothymol blue (BTB) and bromophenol blue (BPB)
dyes.

B RESULTS AND DISCUSSION

X-ray Crystal Structures of Zinc(ll) and Silver(l)
Dithiocarbamate Complexes. The crystal data and structure
refinements for both bis(diallydithiocarbamato)zinc(I1),
[Zn,(dalldtc),], and bis(diallydithiocarbamato)silver(I),
[Ags(u-dalldtc);], complexes are presented in Table 1, while
selected bond lengths and bond angles for the compounds are
presented in Table T1. [Zn,(dalldtc),] (Figure 1) crystallized in
a triclinic space group P1 with Z = 2 in which [Zn,(dalldtc),] is
at the center of an inversion to form a dimeric zinc(II) complex.
Each Zn(II) ion in the asymmetric unit is coordinated to two
molecules of diallydithiocarbamato anions that act as bidentate
chelating ligands and bridged through the S-atom of the adjacent
diallydithiocarbamato anion. The geometry around each Zn(1I)
ion can be described as a distorted trigonal bipyramidal
geometry which consists of two bidentate diallydithiocarbamato
anions and the sulfur atom of one of the ligands that coordinated
to the other Zn(Il) ion in the dimeric complex. The distortion
imposed on the geometry is due to the S(1)—Zn(1)—S(2) and
S(3)—Zn(1)—S(4) chelate angles of 69.31(12)° and
75.56(13)°, respectively. The S—Zn(1)—S dithiocarbamato
bite angles deviate significantly from 90°. The deviations of the
S—Zn(1)—S bite angles cause the deviation of other angles such
as S2'—Zn1-S4 [109.723(15)], S(3)—Zn(1)-S(2")
[115.686(15)], and S(1)—Zn(1)—S(2") [105.092(15)] that
deviate from the ideal value of 91.164(3)°, which is significantly
different from the ideal value. The angles described by the atoms
in the equatorial positions should be close to 120°; the angles
involving S(3)#1 atoms [115.902(15) and 135.540(16)] are
smaller than the ideal value (120°), but the S1—-Znl1—S4
106.879(15) bond angle is somewhat smaller most probably due
to the steric requirements of the ligands, and the S(2)—Zn(1)—

S(4) bond angle of 156.686(14)° deviates from the ideal value of
180°. The structure of the zinc(Il) complex is similar to the
structure of the other dithiocarbamate zinc(Il) complex with
different functional groups.”*~**

[Ag;(dalldtc),] (Figure 2) crystallized in a monoclinic space
group P2,/c. The molecular structure of the silver(I) complex
consists of [Ag;(dalldtc),] in the asymmetric molecules in which
three Ag(I) ions and three molecules of diallydithiocarbamato
ligands are coordinated to form a metal cluster consisting of a
trimetric Ag;S; molecule in which the diallydithiocarbamato
ligand is coordinated to all the Ag(I) ions. Each diallydithio-
carbamato ligand in the silver(I) cluster is bonded to three Ag(I)
ions through the sulfur atoms with one sulfur atom covalently
bonded while the other sulfur atoms act as two electrons-three
centers within the metal cluster. Each Ag(I) ion is linked to three
Ag(1) ions through a Ag2—Ag1 bond distance of 2.9808(2) and
a Agl—Ag1? bond distance of 3.1160(4) A.”°

In both cases, the AgS; bite angle is essentially trigonal planar
with S—Ag—S bond angles of 143.59(2), 112.05(2), and
103.215(18) for Ag(I); 140.571(19), 116.824(19), and
99.675(18) for Ag(2); and 150.887(19), 115.679(18), and
92.713(1) for Ag(3). These bond angles deviate from the ideal
trigonal planar arrangement. The Ag...Ag interactions point out
of this plane and are not orthogonal. The other two Ag..Ag
distances are long but are only interactions (3.3210(S) and
3.3465(5) A) which are shorter than the sum of two silver atoms.
Van der Waals (3.44 A) signifies the presence of the Ag—Ag
metallophilic bond.””

Spectroscopic Studies. The FTIR spectra of
[Zn,(dalldtc),] and [Ag,(dallydtc);] (Figure S3) showed the
characteristic peaks of the dithiocarbamate moiety. The v(N—
C) bands observed at 1472 and 1458 cm™ for [Zn,(dalldtc),]
and [Ag,(dalldtc),], respectively, signify the partial carbon—
nitrogen double-bond characteristic of the dithiocarbamate
anion. The bands at 985 cm™ for [Zn,(dalldtc),] and at 979
ecm™ for [Ag(dalldtc);] are due to the v(—CS,) stretching
vibrations which indicate that dithiocarbamates acts as bidentate
chelating ligands. The absorption spectra of the two complexes
are shown in Figure S4. [Zn,(dalldtc),] exhibits two bands, at
264 and 284 nm, which are ascribed to the 7 — 7* intra-ligand
and metal—ligand charge-transfer (MLCT) transitions.
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Figure 3. Powder X-ray diffraction patterns of the ZnS nanoparticles.

[Ag;(dalldtc);] shows one broad band at 279 nm, which is
attributed to the 7 — 7™ intra-ligand charge-transfer transition
due to the thioureide moiety of the dithiocarbamate ligand."”

Powder X-ray Diffraction of Zinc Sulfide and Silver
Sulfide Nanoparticles. The powder X-ray diffraction patterns
of the ZnS nanoparticles are presented in Figure 3. The ZnS—
DDA and ZnS—HDA patterns showed six peaks at 22.08, 22.96,
27.65, 33.24, 56.18, and 66.87° which are indexed to (100),
(002), (101), (200), (112), and (202) planes, respectively. The
ZnS—ODA diffraction patterns show nine peaks at 22.61, 23.30,
2721, 28.85, 33.26, 47.82, 52.55, 56.29°, and 66.25° which
correspond to (100), (002), (101), (008), (200), (110), (103),
(112), and (202) planes, respectively. All the diffraction peaks of
ZnS nanoparticles correspond with the standard values of
hexagonal wurtzite zinc sulfide (JCPDS card no. 39—1363).%*
The differences in the diffraction patterns and the number of
peaks could be ascribed to the different capping agents used to
prepare the nanoparticles. The broad diffraction peaks observed
could be attributed to the small particle sizes of the as-prepared
zinc sulfide nanoparticles.*

The powder X-ray diffraction patterns of the silver sulfide
nanoparticles are presented in Figure 4. The as-prepared silver
sulfide nanoparticles showed a monoclinic/acanthite (a-Ag,S)
crystalline phase (JCPDS card no. 14—0072).*"*> Ag,S—DDA
shows diffraction peaks at 20.78, 21.49, 23.45, 30.64, 36.87,
40.65, 50.68, and 53.67° corresponding to the (—101), (110),
(-111), (-112), (112), (031), (014), and (—213) facets,
respectively. The Ag,S—HDA diffraction pattern shows
reflections from the (—101), (110), (111), (—112), (112),
(031), (200), (014), and (200) planes. The Ag,S—ODA
diffraction patterns also show peaks at 20.54, 22.41, 23.79,
27.73, 36.54, 40.49, 50.62, and 53.56° corresponding to the
(-101), (110), (=111), (~112), (112), (031), (014), and
(—213) planes. The high-intensity peaks indicate that the as-
prepared Ag,S nanoparticles are crystalline.”

Morphological Studies of the ZnS and AgS Nano-
particles. High-resolution transmission electron microscopy
(HRTEM) and scanning electron microscopy (SEM) were used
to study the morphological properties of the as-prepared
nanoparticles. The HRTEM images and SAED patterns of the
as-prepared nanoparticles are shown in Figure S. Quantum dots

——Ag,S-DDA
——Ag,S-HDA
——Ag,S-ODA

110)

1
(~101)
(111)

Counts (a.u)
10
110
111)
112)

: —
7 3 2 g g8 ~
W
- - - -
| = ?l
= = =~ a =~
o= o (= —_
172 T = = g T @
W
i - SR
T T T T T T T T
20 30 40 50 60
20 (degrees)

Figure 4. Powder X-ray diffraction patterns of the Ag,S nanoparticles.

are observed in the HRTEM micrograph of the as-prepared ZnS
nanoparticles. The ZnS-DDA nanoparticles have particle sizes in
the range of 2.17—5.49 nm, while ZnS-HDA and ZnS-ODA
nanoparticles have particle sizes of 1.98—2.81 and 2.03—3.51
nm, respectively. The SAED patterns of ZnS-DDA and ZnS-
ODA show diffused rings which indicate that the nanoparticles
have a polycrystalline nature, which could be ascribed to
overload of thickness for the electron diffraction.’* The SAED
patterns of ZnS-HDA show a single-crystal nature.*

The HRTEM images and SAED patterns of the as-prepared
nanoparticles are shown in Figure 6. The HRTEM micrographs
of the Ag,S-DDA nanoparticles showed spherically shaped
particles with sizes of 8.64—12.58 nm, and the SAED patterns of
Ag,S-DDA showed partially diffused rings with bright spots,
which indicate that the nanoparticles are both monocrystalline
and polycrystalline. Ag,S-HDA nanoparticles have particle sizes
in the range of 7.07—13.69 nm, and the SAED patterns show
diffused rings with no spots, which indicates that the as-prepared
silver sulfide nanoparticles are also polycrystalline in nature. The
micrographs show that Ag,S-ODA nanoparticles have a particle
size of 2.70—7.32 nm. The SAED patterns of Ag,S-ODA show
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Figure S. HRTEM images and inserted SAED patterns of ZnS-DDA,
ZnS-HDA, and ZnS-ODA nanoparticles.

bright spots with no ring, showing that the nanoparticles are
crystalline in nature.

The surface morphologies of the as-prepared nanoparticles
were studied using SEM (Figure SS). The nanoparticles capped
with the same capping agent show very similar surface
morphologies. ZnS and Ag,S nanoparticles capped with DDA
show a flake-like morphology. The HDA-capped ZnS and Ag,S
nanoparticles exhibit sponge-like morphologies that look like a
ball. Rough flake-like surfaced morphologies were observed for
nanoparticles capped with the ODA capping agent. The
different surface morphologies observed for the different
capping agents suggest that the surface of the nanoparticles is
influenced by the capping agent irrespective of the single-source
precursor.

Optical Properties of the Zinc Sulfide and Silver
Sulfide Nanoparticles. UV—Vis and photoluminescence
spectroscopies were used to study the optical properties of the
as-prepared nanoparticles (Figure S6) and show the absorption
band edges of the ZnS and Ag,S nanoparticles. The absorption
band edges are observed at 288, 285, and 286 nm for ZnS-DDA,
ZnS-HDA, and ZnS-ODA nanoparticles, respectively. The
absorption band edges of the Ag,S nanoparticles appeared at
286, 286, and 285 nm for Ag,S-DDA, Ag,S-HDA, and Ag,S-

Figure 6. HRTEM images and inserted SAED patterns of Ag,S-DDA,
Ag,S-HDA, and Ag,S-ODA nanoparticles.

ODA nanoparticles, respectively. The optical bandgap of the
nanoparticles was estimated using the Tauc plots (Figure S7).
The estimated optical bandgaps (Eg) for the ZnS-DDA, ZnS-
HDA, and ZnS-ODA nanoparticles are 4.04, 4.10, and 4.08 eV,
respectively. The E, are blue-shifted in comparison to their bulk
materials (ZnS = 3.6 eV),* indicating the quantum confinement
of the as-prepared nanoparticles. The E, of Ag,S nanoparticles
are 3.97,3.51,and 3.32 eV for Ag,S-DDA, Ag,S-HDA, and Ag,S-
ODA, respectively. The AgS nanoparticles are also blue-shifted
and have a much higher bandgap compared to their bulk
material (AgS = 0.9 eV),"” which confirmed that they are small
as can be seen from the HRTEM images.

The photoluminescence spectra of the ZnS and Ag,S
nanoparticles are presented in Figure S8. Three emission
peaks are observed in all the as-prepared nanoparticles. The first
peak observed at 297 and 295 nm for ZnS and Ag,S
nanoparticles, respectively, could be associated with band—
band transitions, and the values are almost equal to the band
edges of the nanoparticles.”” The middle high intense and broad
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emission peaks observed at 384 and 387 nm for ZnS and Ag,S
nanoparticles, respectively, could be ascribed to free-exciton
recombination.’® The third emission peak is assigned to the
transition from the conduction band to the sulfur vacancy level
and surface defects.”***

Photocatalytic Degradation of BPB and BTB Dyes by
ZnS and AgS Nanoparticles. The results of the photocatalytic
degradation of the BTB and BPB dyes in the presence of ZnS
and Ag,S nanoparticles under visible light irradiation are
presented in Figure 7. There was negligible degradation of
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Figure 7. Effect of time on BTB and BPB degradation.

dyes in the absence of ZnS and Ag,S nanoparticles. The results
show that the concentrations of the dyes continuously decrease
as the irradiation time increased. This indicates that the
photocatalytic degradation of BTB and BPB dyes is time
dependent and increases with increasing irradiation time.*”
The photocatalytic degradation efficiency percentage plots
(Figure 8) show that Ag,S-DDA, Ag,S-HDA, and Ag,S-ODA
degraded 87.86, 24.05, and 13.57% of BPB dye after 180 min.
On the other hand, under similar conditions, only 12.37, 8.45,
and 16.65% of BPB were degraded by Ag,S-DDA, Ag,S-HDA,
and Ag,S-ODA nanoparticles, respectively. This indicates that
ZnS-ODA has the highest photocatalytic efficiency among the

as-prepared nanoparticles against BPB dyes. The enhanced
photocatalytic degradation efficiency of ZnS-ODA may be
attributed to its smaller particle size, which translates to a large
surface area, that permits more interactions with the dye
molecule.*

The photocatalytic degradation efliciencies of bromothymol
(BTB) by ZnS-DDA, ZnS-HDA, and ZnS-ODA have been
found to be 80.20,43.21, and 91.91%, respectively, after 180 min
of irradiation. However, the photocatalytic degradation of BTB
was found to be lower in the case of Ag,S-DDA (12.89%),
followed by Ag,S-ODA (9.98%) and Ag,S-HDA (4.30%), under
the same experimental conditions. Thus, it showed that the ZnS-
ODA and ZnS-DDA nanoparticles exhibited higher photo-
catalytic activity toward the degradation of BTB compared to
ZnS-HDA and all the Ag,S nanoparticles. ZnS-HDA results are
comparable to other HDA-capped Zn$ nanoparticles.”' Ag,S
nanoparticles exhibited low photocatalytic activity toward BTB
and BPB, which may be attributed to the high recombination
rate of photogenerated charges.*”

The kinetics of photocatalytic degradation of BPB and BTB
by the ZnS and Ag,S nanoparticles has been described using the
Langmuir—Hinshelwood model."** Figure 8 shows the plot of
In(C,/C,) over irradiation time for BTB and BPB dye
degradation in the presence of ZnS and Ag,S nanoparticles.
The photocatalytic degradation of BTB and BPB follows a
pseudo-first-order kinetic model, and the rate constants (k/min)
with their corresponding correlation coefficients (R?) calculated
from the plots are presented in Table 2. The highest degradation
rate of 0.0111 min~" for BPB and 0.01382 min~' for BTB was
accomplished by ZnS-ODA among the other photocatalysts,
which are consistent with the degradation efficiency curves.

Photostability Studies of ZnS Nanoparticles. Based on
the results obtained for the photocatalytic degradation of BPB
and BTB by the as-prepared ZnS and Ag,S nanophotocatalysts,
ZnS nanoparticles were chosen for reuse due to their higher
photocatalytic activity (Figure 9). As the photocatalytic reaction
cycles were increased, a slight decline of about 0.62—1.09% in
the nanophotocatalyst activity toward the degradation of BTB
was observed. The little decrease in activity could be due to the
loss of catalyst during the experiment. The percentage of BPB
dye degradation also decreased as the number of photocatalytic
reaction cycles increased with a difference of 2.45—4.93%. The
decline in the percentage degradation of BPB after four cycles
could be caused by the dye molecules occupying the active sites
of the catalyst™ and the photocorrosion of ZnS nanoparticles.**
The overall results show that ZnS nanoparticles can be reused
for at least four cycles of photocatalytic degradation reactions
while maintaining high levels of activity.

Bl CONCLUSIONS

Bis(diallydithiocarbamato)zinc(Il) and silver(I) complexes
were synthesized and characterized by spectroscopic techniques
and single-crystal X-ray crystallography. The molecular structure
of bis(diallydithiocarbamato)zinc(II) revealed a binuclear
compound in which each zinc(II) ion bidentately coordinates
with two molecules of diallydithiocarbamato anions, and the
centrosymmetrically related molecules are bridged through the
Zn---S bond to form a distorted trigonal bipyramidal geometry
around the zinc(II) ions. Bis(diallydithiocarbamato)Ag(I)
crystallized as [Ags(dalldtc),;] in which the three Ag(I) ions
and three molecules of diallydithiocarbamato anions coordinate
to form an asymmetric metal cluster with a trimetric Ag;S; core
in which the diallydithiocarbamato anions are coordinated to all
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Figure 8. Degradation efficiency curves of BTB and BPB by ZnS and Ag,S nanoparticles and their corresponding kinetic plots.

Table 2. Photocatalytic Degradation Percentage of BPB and

BTB, Rate Constants of Photodegradation, and Its
Corresponding Correlation Coeflicient

dyes
BPB

BTB

catalyst

ZnS-ODA
ZnS-HDA
ZnS-DDA
Ag,S-ODA
Ag,S-HDA
Ag,S-DDA
ZnS-ODA
ZnS-HDA
ZnS-DDA
Ag,S-ODA
Ag,S-HDA
Ag,S-DDA

degradation

efficiency (%)
87.86
24.05
13.57
12.37
8.45
16.65
9191
43.21
80.20
12.89
4.30
9.98

rate constant
(min—1)

0.0111
0.00145
6.81 x 10—+
7.76 x 10-*
4.68 x 10-*
7.21 x 10-*
0.01382
0.00331
0.00757
8.14 x 10—*
227 x 10-*
491 x 10-*

R?
0.9774
0.9767
0.9619
0.9744
0.9840
0.8223
0.9428
0.9814
0.8843
0.9733
0.9214
0.8817
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the Ag(I) ions. Each diallydithiocarbamato anion in the silver(I)
cluster is bonded to three Ag(I) ions through the sulfur atoms
with one sulfur atom covalently bonded, while the other sulfur
atoms act as two electrons-three centers within the metal cluster.
Each Ag(1) ion is linked to three Ag(I) ions through a Ag2—Ag1
bond distance of 2.9808(2) and a Agl—Ag1* bond distance of
3.1160(4) A. The complexes were thermolyzed in DDA, HDA,
and ODA to prepare zinc sulfide and silver sulfide nano-
photocatalysts for the degradation of BTB and BPB. The powder
XRD diffraction patterns of the zinc sulfide nanoparticles
confirmed a hexagonal wurtzite crystalline phase while silver
sulfide is in the monoclinic/acanthite crystalline phase. The
HRTEM micrographs of the zinc sulfide revealed spherical
particles with particle sizes in the quantum dot range of 1.98—
5.49 nm, while slightly bigger particles were obtained for silver
sulfide nanoparticles with particle sizes of 2.70—13.69 nm. The
SEM images showed that the capping agents influence the
surface morphologies of the as-prepared ZnS and AgS
nanoparticles. The potential of the as-prepared nanoparticles
as photocatalysts was evaluated against BTB and BPB dyes.
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Figure 9. Recyclability test of the as-prepared ZnS$ catalysts on BTB and BPB.

Photocatalytic degradation studies show that ODA-capped zinc
sulfide nanoparticles are the most efficient photocatalysts and
degraded 87% of BTB and 91% of BPB.

B EXPERIMENTAL SECTION

Materials. Analytical grades of all chemicals and solvents
used were purchased from Merck Chemical and used without
further purification. The ligand was prepared following a
reported procedure.*’

Synthesis of Zinc(ll) and Silver(l) Dithiocarbamate
Complexes. An aqueous solution of potassium diallyldithio-
carbamate (2.1 g, 10 mmol) was added to ZnCl, (0.68 g, S
mmol) or AgNO; (1.7 g, 10 mmol) dissolved in 20 mL of
distilled water and vigorously stirred at room temperature for 4
h. The resultant precipitate was filtered, washed several times
with water and finally with methanol, and vacuum-dried.

[Zn(dalldtc),]. Color: white, Yield (%): 61. Molecular mass
(m/z): 409.95, Caled for C,,H,oN,S,Zn [M]*: Found: 409.98.

24757

Selected FTIR, v(ecm™): N—C (1472), C—S (1230), C=S
(1099). '"H NMR (400 MHz, (DMSO-d, § (ppm)): 5.91—5.83
(m,2H, —CH-), 5.26—5.21 (d, 4H, —CH,), 4.43—4.41 (d, 4H,
—NCH,-). ®C NMR (400 MHz, (DMSO-ds, 5 (ppm)):
205.86 (C-S), 131.78 (—CH-), 118.92 (—CH,), 56.53
(=NCH,—). Anal. Calcd for. [Zn(S,CNC¢H,,),]: C, 41.02;
H, 4.92; N, 6.83; S, 31.28. Found: C, 41.15; H, 4.87; N, 6.78; S,
31.17.

[Ag(dalldtc)]. Color: Yellow, Yield (%): 73. Molecular mass
(m/z): 280.1S, Caled for C;H;(NS,Ag [M]*: Found: 280.93.
Selected FTIR, v(cm™!): N—C (1458), C-S (1217), C=S
(1089). "H NMR (400 MHz, (DMSO-dg, & (ppm)): 5.96—5.87
(m, 2H, —CH-), 5.28—5.21 (d, 4H, —CH,), 4.59—4.57 (d, 4H,
—NCH,-). ®C NMR (400 MHz, (DMSO-ds, 5 (ppm)):
205.61 (C—S), 131.68 (—CH-), 119.02 (—CH,), 58.72
(=NCH,-). Anal. Calcd for. [Ag(S,CNC¢H,,)]: C, 30.01; H,
3.60; N, 5.00; S, 22.89. Found: C, 29.98; H, 4.3.57; N, 4.89; S,
22.77.
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Single-Crystal X-ray Structure Determination. Suitable
crystals of the compounds were obtained from the solution of
dichloromethane/acetonitrile. The single-crystal data of the
complex were obtained on a Bruker SMART APEX2 area
detector diffractometer using MoK,. The crystal temperature
was maintained at 100(2) K during data collection. Using
Olex2*® as a molecular graphical interface, the structure was
solved with the ShelXS-2013"" structure solution program using
the direct solution method. The structure was refined with
version 2016/6 of ShelXL** using least-squares minimization.

Preparation of Zinc Sulfide and Silver Sulfide Nano-
particles. A modified literature method was used.””™>" The
DDA, HDA, or ODA (2 g) capping agent was heated to 200 °C
in a three-necked flask fitted with a reflux condenser, a
thermometer, and a rubber septum. [Zn,(dalldtc),] or [Ag(u-
dalldtc);] (0.2 g) dispersed in oleic acid (2 mL) was injected to
the hot capping agent. The reaction was maintained at 200 °C
for 1 h under a N, flow. It was cooled to about 60 °C and cold
methanol was added. The resultant precipitate was separated by
centrifugation and washed several times with cold methanol.
The nanoparticles were dried under vacuum. The as-prepared
nanoparticles were labeled ZnS-DDA, ZnS-HDA, and ZnS-
ODA for nanoparticles prepared from [Zn,(dalldtc),] and AgS-
DDA, AgS-HDA, and AgS-ODA for nanoparticles prepared
from [Ag(u-dalldtc),].

Photocatalytic Activity of the Nanoparticles. The
photocatalytic degradation efficiency of the ZnS and Ag,S
nanoparticles was assessed by monitoring the degradation of
BTB and BPB under visible light. The experiment was carried
out in a continuous swirling OSRAM VIALOX 70 W
incandescent mercury lamp. 40 mg of each nanoparticle was
dispersed into 40 mL of 20 mg/L BTB or BPB solution. To
achieve adsorption—desorption equilibrium, the solution was
sonicated for 30 min and magnetically agitated in the dark for 60
min. Then, the solution was exposed to light for 180 min. S mL
aliquots of the sample were collected at 30 min intervals and
filtered, and the filtrate was taken for absorption analysis.
Equation 1 was used to calculate the degradation efficiency™’
S =% 100

Co (1

D =

where D is degradation efficiency and C, and C; are the initial
and final concentrations of BTB and BPB solutions, respectively.
The reusability and stability of the catalysts were evaluated by
recycling them four times. After each run, the catalyst was
filtered, washed with water and ethanol, and then dried in an
oven at 80 °C for 2 h.

Characterization Techniques. FTIR spectra were re-
corded by a Bruker Alpha II spectrometer (4000—500 cm™").
A Bruker D8 advanced diffractometer using Cu Ko radiation was
used for phase identification. Samples were mounted on a flat
steel and scanned from 5 to 70°. A JEOL HRTEM-2100 electron
microscope was used to get HRTEM images and selected area
electron diffraction (SAED) patterns. SEM images were
obtained by a ZEISS EVO LS 15 electron microscope. A Perkin
Elmer Lambda 25 spectrometer (200—700 nm) was used to
record the absorption spectra. Emission spectra were recorded
using a Perkin Elmer LS 45 fluorescence spectrometer.
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