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Abstract. The bulbous root garlic (Allium sativum) with a strong taste and pungent odor is used widely in
culinary preparations and folk medicine. Silver and gold nanoparticles (NPs) synthesized using this ingredient
have also shown medicinal and therapeutic potency. Garlic contains organosulfur compounds, such as diallyl
sulﬁde (DAS), diallyl disulﬁde (DADS) and diallyl trisulﬁde (DATS). These compounds are of crucial
signiﬁcance as anticancer drugs. Reported here is a synthesis of a series of DATS with varying substituents
and plausible application as capping as well as reducing agent to synthesize gold nanoparticles (TS-GNPs). In
the process, it was discovered that among the selected DATs, only 1,3-di(but-1-ene)trisulfane could serve the
purpose because of structural reasons. The reason for this intriguing selectivity has been investigated in detail
using the experimental ﬁndings and theoretical calculations of the frontier molecular orbitals (FMO).
Keywords. Trisulﬁde ligands; Gold nanoparticles; Protecting ligand; Reducing agent; Selectivity.

1. Introduction
Nanoscience and nanotechnology are contributing
enormously to the advancement of modern-day research
in developing various sensors and catalysts, and in
biomedical research, information technologies and
electronics.1–5 Worldwide research in the area of biomaterials is overwhelmed by the works on metal
nanoparticles (NPs) in recent years due to the inventions of various methods of synthesis and characterization.6,7 In this regard, gold nanoparticles (GNPs) have
attracted wide attention due to their potency in biology,
catalysis, electrical conductivity, optical properties, etc.
depending on their size and shape.8,9 Proliferating
success is achieved by engineering the NPs to function
in effective and targeted drug delivery aiming towards
in vitro diagnostics, prosthetic implants, bio-designing,
bio-imaging and therapies.10–12 Additionally, GNPs
have a strong binding afﬁnity towards thiols, disulﬁdes,
trisulﬁdes and amines (due to soft-soft interaction
resulting in the formation of partial covalent bond) that
facilitates its conjugation with DNA, proteins, bio-

receptors, etc.13–19 Surface plasmon enhanced absorption and scattering in GNPs contribute to their unique
physicochemical properties20,21 making them important
for bio-imaging and therapeutics.22,23 Moreover, GNPs
are not susceptible to photobleaching and very compatible with human cells.
Plant extracts are frequently used nowadays to
synthesize metal NPs. One such important botanical
source to synthesize metal NPs is garlic (Allium sativum). Several reports are there in the literature on the
use of garlic extract to synthesize silver NPs (SNPs)
from AgNO3.24–27 Garlic extract is well known for its
medicinal importance due to its applications as
antiparasitic, anticancer, antiseptic and antibacterial
agents. The active medicinal ingredient in crushed
garlic is allicin, which is the most abundant thisulﬁnate.28 Similarly, GNPs were also synthesized using
garlic extract.29,30 Such GNPs were reportedly hepatoprotective, antiviral and possess urease, xanthine
oxidase and carbonic anhydrase inhibitory activity.
The active ingredients in garlic, such as the
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polyphenols and terpenoids, were phytochemically
determined and the synthesized GNPs were protected
by phenolic and organosulfur compounds, amino
acids, carboxylic groups and proteins.31,32 Rastogi and
Arunachalam reported two types of organosulfur
compounds in garlic extract.30 The ﬁrst group contains
lipid-soluble diallyl sulﬁde, diallyl disulﬁde (DADS)
and diallyl trisulﬁde (DATS) and the second group
consists of water-soluble sallylcysteine (SAC) and
sallylmercaptocycsteine (SAMC). This report also
discussed the molecular basis for the formation of
GNPs using the water-soluble variety of the
organosulfurs.
So far, the synthesis and applications of SNPs and
GNPs from garlic extract were restricted mostly to the
medicinal activity without going deep into the
molecular structural details. The lipid-soluble DADS
and DATS remained untouched in this respect and
there is hardly any report on their molecular mechanism in the literature. Since the biological cell membranes are constructed of lipid bilayer, DADS and
DATS would be easily accepted by the cells to execute
their medicinal properties. We synthesized
stable GNPs using DATS as the reducing as well as
the protecting agent. We also considered the DATSmediated production of the reactive oxygen species
(ROS) which serve as cancer cell killer without any
harmful side effects. In the process, we discovered that
only one variety of DATS, 1,3-di(but-1-ene)trisulfane,
could selectively construct the GNPs due to its structural peculiarity and the mode of distribution of electrons in the molecular orbitals.
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unsaturated alkyl bromide (R-X, 1 equiv.) was added
dropwise at 50–60 °C with stirring. The reaction
mixture was allowed to cool down to room temperature when the solution turned clear. Solution of sodium
sulﬁde (Na2S5H2O, 1 equiv.) was added to the cooled
mixture. The initiation and progress of the reaction
were monitored by TLC analysis. Ethyl acetate was
used to extract the organic layer. Further, the organic
layer was washed with brine solution and dried over
anhydrous sodium sulfate. The solvents were evaporated to obtain the desired product mixture which was
further puriﬁed by column chromatography (silica gel
230–400 mesh).
2.2a Compound 1: n-propyl bromide (4 mL, 43.9 mM)
was added dropwise to the saturated solution of
Na2S2O35H2O (14.18 gm, 57.15 mM) at 50–60 °C.
The solution was stirred with continuous heating until it
turned visibly clear. Solution of Na2S5H2O (2.21 gm,
13.17 mM) was added to the mixture when it was
cooled to room temperature. TLC was checked to
monitor the reaction with continuous stirring. The
organic layer was extracted with ethyl acetate and
washed with brine, and dried over anhydrous sodium
sulfate. The product mixture was puriﬁed by column
chromatography with hexane as eluent. Rf = 0.909
(TLC eluted in 100% hexane); yield: 0.66%; 1H NMR:
(300 MHz, CDCl3) d = 2.85–2.84 (d, 4H, J = 6 Hz),
1.79–1.76 (t, 4H, J = 9 Hz), 1.02–1.01 (d, 6H,
J = 6 Hz); 13C NMR: (CDCl3) d = 77.46, 77.25,
77.04, 41.04, 22.35, 13.35; ESI?-MS (m/
z) = 181.006.

2.2 General synthesis of the trisulﬁdes

2.2b Compound
2: 1-bromo-2-methylpropyl
(2 mL, 19.08 mM) was added dropwise to the
saturated solution of Na2S2O35H2O (6.15 gm,
24.81 mM) at 50–60 °C. The solution was stirred
with continuous heating until the solution turned
visibly clear. Solution of Na2S5H2O (0.961 gm,
6.724 mM) was added to the mixture when it was
cooled to room temperature. TLC was checked to
monitor the reaction with continuous stirring. The
organic layer was extracted with ethyl acetate and
washed with brine, and dried over anhydrous sodium
sulfate. The product mixture was puriﬁed by column
chromatography with hexane as eluent. Rf = 0.75
(TLC eluted in 100% hexane); yield: 13.7%; 1H NMR:
(300 MHz, CDCl3) d = 2.77 (d, 4H), 2.59 (m, 2H),
1.00 (d, 12H); 13C NMR: (CDCl3) d = 48.77, 28.38,
21.96; ESI?-MS (m/z) = 207.01.

To the saturated aqueous solution of sodium thiosulfate Na2S2O35H2O, 1.3 equiv.), the corresponding

2.2c Compound 3: 4-bromo-1-butene (0.5 mL,
4.925 mM) was added dropwise to the saturated

2. Experimental
2.1 Materials
All the halides, namely, (1) n-propyl bromide, (2)
bromo-2-methylpropyl, (3) 4 -bromo-1-butene, (4)
3-bromoprop-1-ene, (5) benzyl bromide, (6) 4-chloro
benzyl chloride, (7) 4-cyano benzyl chloride and
sodium thiosulfate, sodium sulﬁde, stannous chloride
dihydrate, sulfur powder and cupric chloride were
purchased from SRL Chemicals. Chloroauric acid
(gold salt) was purchased from Sigma Aldrich. The
solvents were procured from Merck, India.
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solution of Na2S2O35H2O (1.59 gm, 6.40 mM) at
50–60 °C. The solution was stirred with continuous
heating until the solution turned visibly clear. Solution
of Na2S5H2O (0.248 gm, 1.477 mM) was added to
the mixture when it was cooled to room temperature.
TLC was checked to monitor the reaction with
continuous stirring. Organic layer was extracted with
ethyl acetate and washed with brine, and dried over
anhydrous sodium sulphate. The product mixture was
puriﬁed by column chromatography with hexane as
eluent. Rf = 0.727 (TLC eluted in 100% hexane);
yield: 3.1%; 1H NMR: (300 MHz, CDCl3)
d = 5.84–5.81 (m, 1H), 5.13–5.04 (m, 2H), 2.75 (s,
2H), 2.45–2.44 (3H, J = 6 Hz); 13C NMR: (CDCl3)
d = 136.41, 116.49, 38.37, 33.60; ESI?-MS (m/
z) = 207.001.
2.2d Compound 5: Benzyl bromide (2 mL,
16.37 mM) was added dropwise to the saturated
solution of Na2S2O35H2O (5.281 gm, 21.2 mM) at
50–60 °C. The solution was stirred with continuous
heating until the solution turned visibly clear. Solution
of Na2S5H2O (0.825 gm, 4.911 mM) was added to
the mixture when it was cooled to room temperature.
TLC was checked to monitor the reaction with
continuous stirring. The organic layer was
extracted with ethyl acetate and washed with
brine, and dried over anhydrous sodium sulfate.
The product mixture was puriﬁed by column
chromatography with hexane as eluent. Rf = 0.75
(TLC eluted in 100% hexane); yield: 28.5%; 1H NMR:
(300 MHz, CDCl3) d = 3.60 (s, 4H), 7.32–7.31 (t, 4H,
J = 6 Hz), 7.25–7.23 (t, 6H, J = 6 Hz); 13C NMR:
(CDCl3) d = 137.57, 129.62, 128.69, 127.63, 43.48;
ESI?-MS (m/z) = 279.16.
2.2e Compound 6: 4-chloro benzyl chloride (4 mL,
31.27 mM) was added dropwise to the saturated
solution of Na2S2O35H2O (10.08 gm, 40.651 mM)
at 50–60 °C. The solution was stirred with continuous
heating until the solution turned visibly clear.
Saturated solution of Na2S5H2O (0.015 gm
0.09381 mM) was added to the mixture when it was
cooled to room temperature. TLC was checked to
monitor the reaction with continuous stirring. The
organic layer was extracted with ethyl acetate and
washed with brine, and dried over anhydrous sodium
sulfate. The product mixture was puriﬁed by column
chromatography with hexane as eluent. Rf = 0.56
(TLC eluted in 100% hexane); yield: 1.18%; 1H NMR:
(300 MHz, CDCl3) d = 7.29–7.22 (q, 4H, J = 6 Hz),
4.12 (s, 1H), 4.02 (s, 2H), 3.97 (s, 1H); ESI?-MS (m/
z) = 344.02.
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2.3 Preparation of trisulﬁde induced gold
nanoparticles (TS-GNPs)
TS-GNPs were prepared by the addition of different
volumes of 50 mM of respective TS derivative compounds in DMSO to 5 mL of 0.01% chloroauric acid
under boiling condition (for 5–6 min). TS-GNPs were
centrifuged at 13500 rpm for 30 min at room temperature. The precipitate was then washed twice with double
distilled autoclaved water by centrifugation as mentioned. The concentration of TS-GNPs were calculated
using an established method considering a part of gold
from HAuCl4 was reduced by TS compounds during the
method of preparation and found to be 73.51 mM.33,34
2.3a Absorption spectral analysis: Absorption
spectra of TS derivative compounds and TS-GNPs were
recorded in the wavelength region ranging from 250 nm to
700 nm using a double beam spectrophotometer (U-2900,
HITACHI UV-Spectrophotometer).

2.4 Measurement of particle size and surface
charge
The hydrodynamic diameters of the GNPs were measured by Dynamic Light Scattering (DLS) using Horiba
Nanoparticle Analyzer, nanoPartica SZ-100V2. Poly
Dispersity Index (PDI) gives the indication of particle
size distribution which was calculated as the weight
average molecular weight divided by the number average
molecular weight. Surface charges of the GNPs were
determined by measuring the zeta potential using Horiba
Nanoparticle Analyzer, nanoPartica SZ-100V2.
2.5 TEM analysis
The TEM images were recorded with a JEOL, JEM2100F microscope using a 200 kV electron source at the
DST-FIST facility in IISER Kolkata. A drop-casted and
a dried sample of the TS-GNPs was prepared on a carbon-coated copper grid. Electron dispersive spectroscopy (EDS) was performed using a JEM-2100F ﬁeld
emission gun electron microscope with EDS, diffraction
pattern software, and high angle annular dark-ﬁeld
scanning transmission electron microscopy detector.
2.6 FTIR spectroscopy
IR spectra were recorded on a Bruker (model ALPHA)
FT-IR spectrometer using the attenuated total reﬂection (ATR) technique in a liquid phase.

90

Page 4 of 9

J. Chem. Sci. (2021)133:90

3. Results and Discussion
3.1 Prospect of the DATs toward GNP synthesis
The toxicity of DATS to carcinogenic cells is well
known.35–37 DATS are reported to be more toxic to
prostate cancer cells compared to non-cancerous
epithelial cells.35 In addition, DATS were found to
induce apoptosis in primary effusion lymphoma,36 and
inhibit the spreading of primary colorectal cancer cells
depending on the administering dose.37 We synthesized a series of new DATS derivatives by modifying
the parent DATS assuming these to preserve the
beneﬁcial properties. Based on the DATS and keeping
the tri-thio-ether structure unchanged, we introduced
allyl/alkyl/benzyl groups. In this way, both the side
chains improved the stability of tri-thio-ether by
increasing the stereospeciﬁc blockade. The introduction of different new groups could increase the
hydrophobicity, molecular volume and the reducing
capacity of the aggregated gold atoms to synthesize
stable GNPs without involving any other stabilizing
agents. DATS acts as a ligand aiming to prepare a
more efﬁcient anti-proliferative substance. Here, we
have synthesized and investigated the effects and the
possible functions of DATS derivatives including (1)
1,3-di(n-propyl)trisulfane, (2) 1,3-di(isobutyl)trisulfane, (3) 1,3-di(but-1-ene)trisulfane, (5) 1,3-di(benzyl)trisulfane and (6) 1,3-di(4-chloro-benzyl)trisulfane
(Scheme 1). The synthesis was followed by their utilization as protective ligands for a single-step
approach to synthesize GNPs in an aqueous solution
without using any other reducing agent.
The seven symmetrical allyl, alkyl and/or benzyl TS
are generally synthesized by different methods, of
which, two methods were used here. One of them was
reported by Sinha et al.30 involving the reaction of
stannous chloride dihydrate (SnCl2.2H2O) with allyl/
alkyl/benzyl halides (R-X) and sulfur powder (S8) in
presence of catalytic cupric chloride (CuCl2.2H2O) in
THF:DMSO (2:1 v/v) reﬂuxed at 70–80 °C giving the
desired trisulﬁdes (R-S-S-S-R). Reaction in the
S
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Scheme 1. Chemical structures of allyl/alkyl/benzyl
trisulﬁde derivatives.

absence of CuCl2.2H2O showed less than 5% conversion. However, the major problem with this method
is the formation of too many undesired side products,
and the unpredictability of the desired product.
Another efﬁcient method for the synthesis of the TS
compounds was reported by Ren et al.38 where alkyl
or allyl halide reacts with saturated solution of sodium
thiosulfate (Na2S2O3.5H2O) at 50–60 °C for several
hours followed by the addition of 30 mL of sodium
sulﬁde (Na2S.5H2O) solution at room temperature
(Scheme 2). The reaction time and carbon chain
number have a signiﬁcant effect on the yield of the
compounds. It was noticed that an increase in the
number of carbon chain signiﬁcantly increases the
reaction time and lowers the yield of the compound.
Although Ren and co-workers reported only the synthesis of symmetrical aliphatic alkyl or allyl TS,
herein, we have adopted their route to synthesize different aromatic compounds as well.
Of the possible isomeric forms of thiosulfate, ‘‘i’’
and ‘‘ii’’, the chemical behavior of sodium-S-alkyl/
aryl-thiosulfates, known as Bunte salt (Scheme 3)39 is
compatible only with ‘‘ii’’ since S2O32- should contain
different nucleophilic centers and the nucleophilic
strength should be greatest on the S atom due to its
high electron afﬁnity. Na2S gives S2- that acts as a
nucleophile and possibly attacks the central S6? of the
Bunte salt. This breaks the d-p or d-d p-bonds, further
stabilizing the S-S r-bond (catenation property of S),
which in turn attacks other R-S2O3Na followed by
poly-condensation to form the disulﬁde bridged
derivatives. Hence, the assigned TS derivatives 1, 2, 3,
5 and 6 were synthesized by the method described by
Ren et al. depending upon the commercial availability
of the halides.
3.2 Preparation of GNPs with the DATs
Preparation of the TS-GNPs was carried out with
different volumes of the TS derivatives to monitor the
progress of the reaction. Importantly, here the TSs (as
ligand) act as both reducing agent and stabilizer of the
GNPs. The change in color of the synthetic solution
suggests the formation of TS-GNPs, which was further
monitored by the absorption spectra. To compare the
results using the TS ligands, we prepared GNPs conventionally by reducing HAuCl4 with Vitamin-C (VitC-GNP). The TS-based reactions were monitored by
the change in the absorption spectra at regular intervals for 20 mins. The TS derivatives 1, 2, 5 and 6 did
not show the development of any characteristic surface
plasmon resonance (SPR) absorption band of GNP
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(Figure 1). However, with the TS ligand 3 (1,3-di(but1-ene)trisulfane), we observed a distinct formation of
the characteristic SPR band at 580 nm with time. This
clearly shows the formation of butene-TS-GNP.
Interaction of ligand 3 with the GNPs was conﬁrmed
from IR spectroscopy as well (Figures S1 and S2, SI).
We found that only the butene-TS (ligand 3) helps
forming the desired GNPs and the other trisulfane
derivatives fail. To look deeper into the problem, we
determined the changes with varying concentrations of
ligand 3. For this, 50 mM solution of ligand 3 was
added to 10 mL boiling gold salt solution, in steps of
6–15 lL and the formation of GNP was monitored
from the changes in the absorption spectrum (Figure 2). On addition of the ligand up to 7 lL, the SPR
signal appeared at 580 nm. However, on further
addition of the protecting ligand 3, the SPR band
shifted to higher energy. Hence, we estimated that the

Figure 1. Change in the absorption spectra of the TS
derivatives, (a) 1, (b) 2, (c) 5 and (d) 6 with time (each
column is showing different times from 1–20 mins) signifying no formation of GNP due to the reaction.

addition of 8–10 lL of ligand 3 solution probably
produces smaller GNPs stabilized by a decent number
of the protecting ligands. However, at even higher
concentrations, the GNPs lose optical density. We
picked up the three critical volumes (or concentrations), typically 7 lL, 10 lL and 15 lL corresponding
to 35, 50 and 65 lM of ligand 3, respectively, to
characterize the butene-TS-GNPs further.
3.3 Characterization of the synthesized GNPs
For physical characterization of the newly formed
butene-TS-GNPs, we measured the hydrodynamic
diameters and the surface charges at the three different
chosen concentrations. In our experimental condition,
the average hydrodynamic diameters of the buteneTS-GNP were found to be *150 nm for all the concentrations of ligand 3 (Figure 3a). The size of the
GNPs did not vary much due to change in the ligand

Figure 2. Change in the absorption spectra of the TS
ligand 3 on addition to the gold salt solution in steps.
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concentration. Poly-dispersity index (PDI) represents
the heterogeneity in the size of the particles. The PDI
values of 0.376, 0.324 and 0.304 for 7, 10 and 15 lL
addition, respectively, suggest that the particles are
more or less homogeneously distributed in solution.
The surface charge and conductivity of the buteneTS-GNPs were found to be (a) -44.5 mV and
0.131 mS/cm for 7 lL addition, (b) -45.8 mV and
0.203 mS/cm for 10 lL addition, and (c) -49.1 mV
and 0.144 mS/cm for 15 lL addition, respectively
(Figure 3b). While the magnitude of the negative
surface charge increases with an increase in the
concentration of the added ligand, the conductivity
increases for the 10 lL ligand addition compared to
the other two values. This is consistent with the
observed absorption spectral changes. The variations can be attributed to the difference in the core
size of the metal.
To measure the size distribution of the butene-TSGNPs on the addition of the varying concentrations of
3 during synthesis, we took their TEM images (Figure 4). High resolution TEM (HRTEM) images show
that the distance between two lattice planes in the
butene-TS-GNPs is *0.20 nm that matches well with
the (111) lattice spacing of face centered cubic (fcc)
Au and conﬁrms a high degree of crystallinity of the
NCs. The presence of Au in the NPs was conﬁrmed
from electron dispersive spectroscopy (EDS). The
sizes of the GNPs were 5 nm and 3 nm on adding 35
and 50 lM of ligand 3 which corroborate nicely with
the absorption spectra.
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3.4 Theoretical analysis on the selectivity
of the DATs
To interpret this behavior and the speciality of ligand 3
over the others, we calculated the frontier molecular
orbitals (FMOs) of the ligands using density functional
theory (DFT) with B3LYP/6-31G* basis set (Figure 5). It was observed that ligand 3 has a curved
structure with a proper interstitial void that probably
facilitates it to ﬁt appropriately on the surface of the
developing GNPs. Moreover, the structure of ligand 3
helps the molecule to have an intramolecular dp–p
electron transfer from the C=C to the vacant d-orbitals
of sulfur. As a result, the sulfur atom attains the
electron density and helps further to reduce Au(III) to
Au(I). Thus, ligand 3 acts both as a good protecting as
well as reducing agent in the GNP synthesis. The
shape of the other TS-ligands differ from that of ligand
3 and hence they are improbable to act as suitable protecting groups for the GNPs. In ligand 1, i.e.,
1,3-di(n-propyl)trisulfane, the reducing power of S
could not increase due to the simple aliphatic chains.
In 2, the bulky Me-groups in the 1,3-di(isobutyl)
chains prohibited the reducing center to approach the
gold atoms. For 5 and 6, calculations show that the
electron density was distributed all over the molecule
in HOMO and the two benzyl rings tend to always
maintain their aromaticity. As a consequence, probability of p-electron transfer to the S-atom decreases.
The above results explain the reason for 3 to behave
well as protecting and reducing agent for the GNPs.

Figure 3. (a) Particle size distribution of butene-TS-GNP prepared by adding 7 lL, 10 lL and 15 lL of 50 mM buteneTS ligand to 10 mL of the gold salt solution, as measured by DLS; (b) shows the corresponding plots for the zeta (f)
potentials.
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Figure 4. TEM micrographs for particle size distribution of butene-TS-GNP prepared by adding (a) 7 lL and (b) 10 lL of
50 mM butene-TS ligand to 10 mL of the gold salt solution. The insets show the interplanar distances and size distribution
histograms for the samples. Electron dispersive spectroscopy (EDS) conﬁrms the presence of Au.

Figure 5. The calculated FMOs of the synthesized TS-ligands.

4. Conclusions
The present report has produced a detailed view on the
synthesis of organosulfur compound induced GNPs
(TS-GNPs). In the process, to optimize the right ligand
to produce the GNPs, we synthesized a series of DATS
derivatives. Interestingly, only 1,3-di(but-1-ene)trisulfane could effectively reduce chloroauric acid and
protect the synthesized GNPs. Theoretical calculations
showed that the sulfhydryl group of the trisulﬁde is
responsible for the reduction reaction. The TS-GNPs
show SPR band at 580 nm. Production of the GNPs was

monitored from the development of the SPR band with
time. The average hydrodynamic diameter of the GNPs
ranges from 144 to 150 nm depending on the concentration of the ligand used during the synthetic process.
The protecting groups being biologically important and
the strong SPR property of the formed GNPs proposes a
new method of synthesis of the GNPs.
Supplementary Information (SI)
The FTIR spectra of the synthesized DATS derivatives.
Figures S1-S2 are available at www.ias.ac.in/chemsci.
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