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Abstract. Here we report ﬂuorescence quenching based detection of selected ‘‘Thiol’’ molecules by
employing a luminescent gold cluster through ligand displacement strategy. First, an aryl iodide (2-Iodonaphthalene, NP) and polyvinylpyrrolidone (PVP) mixed ligand stabilized gold cluster was synthesized with a
strong ﬂuorescence signal originated from excimer of 2-Iodonaphthalene ligands grafted on gold nano surface. Among different small molecule-based ligands, thiol (R-SH) forms a strong bond with gold nanoparticles. Anticipating this property, we have found that displacement of 2-Iodonaphthalene ligand from gold
nanoparticle surface by thiols results in the sensitive detection of thiols through the quenching of emission of
gold cluster. The selectivity for detection of different tested analytes follows the order: GSH [ Cys [ hCy
whereas, other non-thiol based amino acids and common salts are innocent towards ﬂuorescence response.
Easy synthesis of the ﬂuorescent gold cluster, selective sensing of small thiol molecules, high Stern-Volmer
constant (KSV=3.39106 M-1) and ultralow detection limit (LOD of 35 nM) are notable features of the present
report.
Keywords. 2-Iodonaphthalene; Gold Cluster; Excimer; Fluorescence; Thiol.

1. Introduction
Synthesis of ﬂuorescent noble metal clusters/nanoparticles are of paramount interest in recent
time due to their widespread applications as
chemosensor for detection and quantiﬁcation of various trace level analytes and for the purpose of
bioimaging.1–2 Among all such materials, ﬂuorescent
gold clusters/nanoparticles have become gold standard
due to its biocompatibility, air stability and easy tailoring of surface functionalities with desired solubility
and analyte speciﬁcity.3–7 Small organic ligand
(Thiol,8–10 alkyne,11,12 carbene,13 aryl iodide14), as
well as large macromolecule (dendrimer,15,16 protein17,18) based ﬂuorescent gold clusters, have been
reported where the origin of emission is very distinct
for each of them. Quantum conﬁned emission of few

atom gold clusters,15,16 excimer-based emission from
surface grafted ligand,14 emission from charge transfer
between ligand and metal are few established mechanisms8–10 behind emission of such gold clusters.
Among all reported ligands, thiols (RSH) and alkyne
(R-C:C-H) form strong bond with gold atoms
(highest afﬁnity) as compared other reported ligands,19
e.g., amine, halide, alcohol, carboxyl or carbonyl
groups. Ligand exchange reaction for surface engineering on gold cluster has been exploited including
thiol vs. alkyne ligand exchange.19 The difference in
afﬁnity towards gold surface for various ligands could
be exploited for selective sensing of a molecule
through ligand displacement reaction.20–22 Aryl iodide
is a new addition in the toolbox of ‘organic small
molecule ligands’ for stabilizing gold clusters and
nanoparticles with moderate bond strength.14,23–26
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This is to be mentioned that, although chemisorption
of iodide ligands on gold surface is known since a
decade, but isolation of purely iodide ligand stabilized
gold cluster is still illusive. Recently aryl iodide and
polyvinylpyrrolidone (PVP) based mixed ligand stabilized gold cluster was reported by few of us, where
strong excimer emission from aryl iodide was
observed due to its unique chemisorption on gold
surface.14 This is a new category of ﬂuorescent gold
clusters where nonﬂuorescent aryl iodide with strong
heavy atom effect gets grafted on gold surface (another heavy atom) and but still shows strong excimerbased emission. Detail mechanistic study revealed
that, here the rate of excimer formation is much higher
than non-radiative decay process, thus producing ﬂuorescence through avoiding inter system crossing
(ISC) to triplet state.14 In practical applications the
said gold cluster will have some advantages than
previous reported clusters, due to its tuneable ligand
dependent ﬂuorescence property, easy large-scale
synthesis and desire to select functionalized aryl
iodides with desired solubility and selective analyte
speciﬁcity.
Biological thiol molecules especially Cysteine,
Homocysteine and Glutathione have important biological functions as an antioxidant, redox mediator and
in regulating protein structures which in turn is
responsible for regulation and growth of cells and
boosting immune response.27,28 Their out of range
concentrations is known to cause many diseases
including neurotoxicity through mitochondrial damage
in the brain, Parkinson’s and Alzheimer’s diseases and
HIV infections. It is also known that their deﬁciency
can cause liver damage, cardiovascular and neurodegenerative disorders, slow growth, oedema and
depigmentation.29–31 Quantitative detection of these
thiol molecules is of paramount importance for early
warning from such diseases and making a healthy
living. UV-Vis and ﬂuorescence spectroscopy-based
techniques are preferred for the detection of such
molecules due to their high sensitivity, low cost, easy
portability and the possibility of visualizing through
the naked eye.32–36 Various chemical scaffolds
including organic and inorganic ﬂuorophores have
been designed for the detection of biothiols.37–50
Among them noble metal-based ﬂuorescent
chemosensors offer many advantages and has recently
been demonstrated for selective detection of biothiols.42–49 The strategies reported broadly involve the
ligand displacement phenomenon, through which a
ﬂuorophore is released from a gold cluster or a ﬂuorescent gold cluster is formed due to ligation of biothiols on the gold nanosurface resulting in a turn-on
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ﬂuorescence, which is measured with respect to added
concentrations of biothiol. We have recently reported
a new form of ﬂuorescent gold cluster stabilized by
aryliodie ligands, where the aryl groups based excimer
emission was observed. Now we have designed this
work and the motivation behind this work was to
synthesize aryl iodide and PVP mixed ligand stabilized ﬂuorescent gold cluster according to our previous
report14 followed by its implementation for selective
sensing of thiols. We envisioned that strong binding
thiol ligands will be able to replace aryl iodides from
the gold nano surface and thus the excimer-based
emission will be gradually quenched. Thus, in the
present work, we report the synthesis of 2-Iodonaphthalene and polyvinylpyrrolidone mixed ligand stabilized ﬂuorescent gold cluster followed by its
application for selective sensing of bithiol molecules
through ligand displacement strategy. Upon addition
of thiol molecules {Cysteine (Cys), homocysteine
(hCy) and glutathione (GSH)} to the cluster in solution, the ligand-speciﬁc excimer emission from gold
cluster gradually quenches through the displacement
of 2-Iodonaphthalene ligand by thiols. The cluster
could detect nanomolar concentrations of thiols (up to
35 nM) in the solution phase with a board linear range
response.

2. Experimental
2.1 Materials and methods
All the reagents and solvents were procured from
commercial sources and used without further puriﬁcation unless otherwise mentioned (Sigma-Aldrich
Chemical Co. and S D Fine Chemicals). All optical
(UV–Vis) spectra were recorded in a JASCO V-670
spectrophotometer at 298 K in solution phase. Liquid
phase luminescence spectra were recorded by using a
JASCO FP-6500 spectrophotometer at 298 K. Transmission electron microscopic (TEM) images of gold
cluster were measured in a Philips JEM 2000FX
electron microscope operated at 200 kV. Dynamic
light scattering (DLS) experiments for measuring
hydrodynamic diameter of Au-clusters were performed by using a Malvern DLS instrument (Zetasizer
Nano ZSP model). MALDI mass spectra of gold
clusters were recorded by using a time-of-ﬂight (TOF)
mass spectrometer (Bruker, Autoﬂex Speed) operated
with a solid state laser (355 nm, 3 Hz, \100 mJ).
Au:PVP or NP-Au:PVP samples (1 mg) were
dispersed in water (50 lL) in a glass vial and trans-2[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]
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malononitrile (DCTB, 1 mg) was dissolved in 50 lL
methanol in another vial. Then these two solutions
were mixed and drop casted on a stainless steel
MALDI plate followed by their drying under open air.
Then the MALDI plate was inserted inside mass
spectrometer for measurement. 1H NMR spectra (500
MHz) was recorded in CDCl3 at 298 K on a Bruker
DPX-500 spectrometer using Tetra Methyl Silane
(TMS) as the internal standard. All the optical images
were taken by using a Canon power shot digital
camera. HORIBA Jobin Yvon picosecond time correlated single photon counting (TCSPC) spectrophotometer (model Fluorocube-01-NL) was used for
recording excited state life time decays. The samples
were excited at 300 nm by a picosecond diode laser.
The emission polarizer at a magic angle of 54.7° by a
photomultiplier tube (TBX-07C) was used to collect
the PL decays. The instrument response function (IRF,
fwhm *140 ps) was recorded using a dilute scattering
solution. The data were analysed by IBH DAS 6.0
software using iterative re-convolution method.

2.2 Synthesis of Au:PVP cluster and NP-Au:PVP
cluster
The synthesis of PVP stabilized gold cluster (Au:PVP,
average size 1.5±0.2 nm) was performed by following
our previously standardized protocol using borohydride based chemical reduction method, followed by
centrifugal puriﬁcation and drying in a fridge dryer.50
The synthesis of 2-Iodonaphthalene and PVP mixed
ligand stabilized gold clusters (NP-Au:PVP) was performed by adding 2-Iodonaphthalene to the preformed
Au:PVP cluster (Scheme S1, SI). In brief, ﬁrst a 10 mL
stock solution of 2-Iodonaphthalene (1 mM in
DMSO:Water, 1:1) and a 5 mL stock solution of
Au:PVP cluster (1 mM in DMSO:Water, 1:1) were
prepared in two separate volumetric ﬂasks. Then, these
two solutions were mixed in a vial and kept under
stirring (900 rpm) for 6h at room temperature. In the
end, the solution was centrifuged to collect the NPAu:PVP cluster and dried under vacuum in a
desiccator.
2.3 Thiol sensing by ﬂuorescence titration
The ﬂuorescence sensing studies of selected thiol
molecules was performed by following typical ﬂuoremetric titration experiments, where to a gold cluster
solution taken in cuvette incremental amount of analytes gradually added and corresponding emission
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spectra were recorded. All ﬂuorescence measurements
were performed by using excitation wavelength (kex)
of 300 nm and the emission peak at 360 nm were
observed while keeping the excitation and emission
path length of 3 nm. For each measurement a 2 mL
solution of NP-Au:PVP cluster (1 mg/mL) was taken
in a cuvette and 20 lL of analyte solution was added at
a time from a stock solution of concentration 40 lM.
The list of amino acids include Cysteine (Cys),
Homocysteine (hCy), Glutathione (GSH), Glycine
(Gly), Valine (Val), Leucine (Leu), Lysine (Lys),
Histidine (His), Asparagine (Asn), Alanine (Ala),
Methionine (Met) and Proline (Pro). While six common salts NaCl, KBr, NH4Cl, FeCl3, MgSO4,
Cu(NO3)2 were also scrutinized to see whether any
sensing response is found with them.

3. Results and Discussions
3.1 Synthesis and characterization of the Au
cluster (NP-Au:PVP)
Synthesis of the PVP and 2-Iodonaphthalene based
mixed ligand stabilized ﬂuorescent gold cluster (NPAu:PVP) was performed via a hustle free synthetic
method by mechanical mixing of aryl iodide ancillary
ligand with Au:PVP nanocluster in DMSO:Water (1:1,
v/v) for 6 h at 298K, followed by the isolation through
centrifugation and drying under vacuum. The obtained
gold cluster was then meticulously analysed by various spectroscopic/spectrometric (UV-Vis, PL, P-XRD,
1
H NMR, FTIR, MALDI, DLS, TCSPC) and microscopic (TEM) techniques to understand its chemical
identity and photo-physical properties. The TEM
image along with particle size histograms of precursor
Au:PVP cluster and ﬁnal ﬂuorescent gold cluster (NPAu:PVP) are presented (Figure 1 a, b), where we could
see very identical particle size (1.5±0.2 nm) distribution in both samples. The result clearly indicates no
change of size or shape of the Au:PVP clusters during
its ligation with aryl iodide ligand through a solutionphase mixing process. However, MALDI mass spectrometric signatures of Au:PVP clusters is another
quantitative measurement technique developed by
Tsukuda et al., where average nuclearity (number of
gold atoms) of gold clusters are determined through
desorption of gold nucleus from polymer encapsulation.51 The measured MALDI mass spectra of Au:PVP
and NP-Au:PVP clusters showed the presence of
higher population of larger clusters in NP-Au:PVP
cluster (Au43 and Au55) as compared to pristine
Au:PVP cluster, where only Au43 cluster is
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Figure 1. TEM image with particle size histograms of Au:PVP (a) and NP-Au:PVP (b) and the MALDI mass spectra of
Au:PVP (c) and NP-Au:PVP (d). The inset in (c) shows fragmentation pattern of gold clusters with (197 Dalton) difference
between two peaks.

predominating (Figure 1c, d). The result indicates that
there is a slight increase in gold cluster size during the
synthesis of NP-Au:PVP cluster, although that is not
evident from TEM image analysis.
The solution phase cluster diameter (hydrodynamic diameter, Dh) of parent Au:PVP cluster and
synthesized NP-Au:PVP cluster dispersed in waterDMSO (as solvent) was measured, which also
showed identical values of 9.6 nm and 9.2 nm
respectively and hence any agglomeration/selfassembly process between inter-cluster particles
were ruled out (Figure 2a, b). The hydrodynamic
diameter measured through DLS study is much
higher than the size observed in TEM analysis
because in TEM measurement only metal core size
is observed, but the hydrodynamic diameter is
measured in the solution phase, where the metal
core is associated with the organic ligand stabilizer
and also associated solvent.
The chemical identity of NP-Au:PVP was conﬁrmed through FTIR and 1H NMR spectral analysis
also. The comparative FTIR spectra of Au:PVP and
NP-Au:PVP probably indicates the incorporation of
2-Iodonaphthalene in the later cluster as we could
see the presence of C-H stretching peaks at
3050 cm-1 and aromatic -C=C- stretching peaks at

1600 cm-1 and also a carbonyl stretching frequency
from PVP molecules at 1640 cm-1 and broad –OH
peak at 3300-3500 cm-1 (Figure S1, SI). The proton
NMR (1H) spectra of NP-Au:PVP cluster also conﬁrmed the ligation of 2-Iodonaphthalene along with
PVP on gold cluster surface whereas in Au:PVP we
could ﬁnd the peaks corresponding to PVP only
(Figure 3a, b). The presence of aromatic peaks at
the 7-8 ppm region clearly reveals the ligation of
naphthyliodide ligand to gold clusters and peaks at
1-4 ppm corresponds to proton signatures of PVP
polymer. The P-XRD proﬁles of both parent
Au:PVP and synthesized NP-Au:PVP cluster showed
very identical and quite broad diffraction pattern
with 2h peaks centred at 40°, corresponding to (111)
crystal plane of face cantered cubic (fcc) Au crystal
(Figure S2, SI).
3.2 Optical and luminescence properties of the Au
cluster (NP-Au:PVP)
Next, we critically analysed the UV-Vis and PL
spectral proﬁles of ancillary ligands, precursor
Au:PVP cluster and ﬁnal NP-Au:PVP cluster. The
room temperature solution-phase optical absorption
spectra of 2-Iodonaphthalene, Au:PVP and NP-

Figure 2. Hydrodynamic diameter (Dh) measured through Dynamic Light Scattering (DLS) technique of Au:PVP cluster
(a), NP-Au:PVP cluster (b), NP-Au:PVP cluster after adding 4.4 lM GSH in a DMSO-Water (1:1) solution.

J. Chem. Sci. (2021)133:72

Figure 3. 1H NMR spectra of various clusters measured at
room temperature using CDCl3 as a solvent, (a) Au:PVP
cluster, (b) NP-Au:PVP cluster, (c) NP-Au:PVP cluster
treated with GSH followed by isolation through centrifugation and drying.
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Au:PVP samples are shown in Figure 4a. As expected,
the aqueous Au:PVP solution showed a gradual
increase of absorption intensity in the UV region (200400 nm) due to Au 5d ? 6sp electronic transition.52
On the other hand, the aryl iodide (NP) showed a
characteristic absorption peak at 286 nm due to its
characteristic HOMO?LUMO (p-p*) electronic
transition. The NP-Au:PVP cluster showed very
identical absorption of Au:PVP cluster without any
ligand peak at 286 nm for NP although we have proven now that NP is adsorbed on it. This is due to the
higher absorption coefﬁcient of Au:PVP cluster, which
masks the molecular absorption peak of NP at 286 nm.
The ﬂuorescence (emission) spectra and corresponding
excitation spectra of NP ligand showed peaks at
324 nm (kem) and 264 nm (kex) respectively (Figure 4b). However, the emission spectra of NP-Au:PVP
cluster showed a much intense and red-shifted peak at
365 nm, while the corresponding excitation spectra
showed a peak maxima (kex) at 297 nm (Figure 4b).
The result is signiﬁcant and completely corroborates
with our earlier ﬁnding of excimer formation of aryl
iodide ligand on attaching to a gold cluster surface
with highly enhanced emission characteristics.14 This
is again to be mentioned that, here two separate photophysical processes are operative. The light absorption
by the gold cluster core does not result in any emission, rather it is the light absorption by 2-iodonaphthalene molecules ligated on gold surface that results
in excimer emission. The negligible quantum yield of
free ligand {U(NP)=0.05} also found signiﬁcantly
enhances to almost 200 fold to 10.5 in the NP-Au:PVP

Figure 4. (a) UV–Vis spectra of 2-Iodonaphthalene, Au:PVP cluster and NP-Au:PVP cluster in Water-DMSO as a
solvent; (b) Room temperature (298 K) solution phase excitation and emission spectra of 2-Iodonaphthalene and NPAu:PVP cluster.

72

Page 6 of 11

cluster by measuring using anthracene as a reference
molecule. Here this is to be mentioned that, the precursor Au:PVP cluster does not show any ﬂuorescence
and hence its emission proﬁle is not shown. Now, as
we know, excimer (excited state dimer) emission will
be having lower energy than monomer emission of the
same species, hence the redshift of the emission peak
was observed. The 33 nm red-shifted excitation peak
and 40 nm red-shifted emission peak of NP-Au:PVP
cluster as compared to free NP ligand clearly proves
that the emission originates due to excimer formation
of NP ligands grafted over Au cluster surface. As we
have proven earlier for other aryl iodides, the highly
enhanced excimer emission peak at 365 nm results due
to a faster rate of excimer formation as compared to
intersystem crossing by heavy atom (Iodine) present in
the ligand.14
3.3 Fluorescence quenching based sensing
of thiols by NP-Au:PVP cluster
To evaluate the detection efﬁciency of NP-Au:PVP
cluster against ‘thiols’, we studied its interaction with
various L-amino acids while monitoring its emission
behavior. As outlined in the introduction section, we
expected the ligand exchange between weakly ligated
aryl iodide by ‘thiol’ functional groups of selected
amino acids due to strong gold-thiol afﬁnity.19 Total
twelve amino acids and six other different analytes
(common salts) were scrutinized in our study to ﬁnd
out the sensitivity and selectivity of the ﬂuorescent
gold cluster for selective detection of thiol molecules.
The studied list of amino acids are Cysteine (Cys),
Homocysteine (hCy), Glutathione (GSH), Glycine
(Gly), Valine (Val), Leucine (Leu), Lysine (Lys),
Histidine (His), Asparagine (Asn), Alanine (Ala),
Methionine (Met) and Proline (Pro). While six common salts, NaCl, KBr, NH4Cl, FeCl3, MgSO4,
Cu(NO3)2 were also scrutinized to see whether any
sensing response is found with them. We anticipated
that thiol based amino acids would replace 2-Iodonaphthalene from gold cluster surface and hence the
excimer emission will be quenched which may be used
to quantitatively determine the concentration of thiols.
Thus, our initial attempt started by taking L-Glutathione (GSH) as a representative analyte and it was
gradually added to a solution of NP-Au:PVP cluster
while the corresponding ﬂuorescence titration spectra
was measured and shown in Figure 5a. In brief, for the
ﬂuorescence titration experiment, 20 lL (from a
40 lM stock solution) of GSH solution were added in
each reading gradually to the gold nanocluster solution
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(2 mL of nanocluster in 2 mL water-DMSO, 1:1, v/v)
in a cuvette. Here this is to be noted that NP-Au:PVP
cluster is nicely soluble (dispersible) in water:DMSO
(1:1, v/v). In fact the precursor cluster, i.e., Au:PVP is
nice dispersible in pure water as PVP is a hydrophilic
polymer. But the synthesized NP-Au:PVP cluster is
only sparingly dispersible in water as here gold core is
ligated with PVP (hydrophilic) as well as 2-Iodonaphthalene (hydrophobic). Hence, water:DMSO (1:1,
v/v) as a solvent was used where the cluster (NPAu:PVP) is nicely dispersible and all titrations were
carried out in this solvent only. Also to be mentioned
that many of the amino acids used as analyte in this
study were not soluble in pure water but all of them
are nicely soluble in water:DMSO (1:1, v/v). As we
could observe in Figure 5a, the emission spectra centred at 365 nm gradually quenches upon sequential
addition of GSH. However, we did not observe any
appreciable change in the UV-Vis spectra of the NPAu:PVP cluster during the above titration process
(Figure S3, SI). We believe the strong optical
absorption intensity in the UV region (200 to 400 nm)
due to intra-orbital (5d?6sp) electronic transition is
dominating/masking any little change of optical
absorption arises due to the ligand exchange process.
After successful demonstration of the ability of NPAu:PVP cluster to detect GSH, next we have studied
the ﬂuorescence titration with various other amino
acids and common salts under identical conditions and
the resulted ﬂuorescence quenching efﬁciencies are
shown in Figure 5 and Figure S4 (SI).
The visual change of the nanocluster solution under
short UV light (254 nm) also showed blue emissive
solution turns colorless upon the addition of GSH
(Figure S5, SI). After the addition of 4 lM of GSH,
more than 10 fold emission quenching was observed.
From the titration results, we could see that only three
analytes (GSH, Cys and h-Cy) caused substantial
quenching of the excimer emission, but other L-amino
acids and salts showed no quenching phenomenon. To
compare the relative sensing efﬁciency, we plotted
normalized emission intensity (F0/F) against concentrations of added amino acids according to the SternVolmer equation (Figure 5f).
F0 =F ¼ KSV ½A þ 1

ð1Þ

Where F0 and F are the ﬂuorescence intensities in the
absence and presence of the analyte, [A] is the molar
concentration of the analyte, and KSV is the quenching
constant (in M-1). The detection limit for all the tested
analytes were also calculated by considering 3 times of
signal to noise ratio during their respective titrations.
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Figure 5. Fluorescence titration spectra of various amino acids and salts with NP-Au:PVP nanocluster through
incremental addition (0.4 lM to 4.4 lM) of (a) GSH, (b) Cys, (c) hCy, (d) Gly and (e) FeCl3 in water:DMSO (1:1) at 298 K,
(f) Stern-Volmer plots for the above ﬁve analytes.

The calculated Stern–Volmer constants for these three
thiol molecules are: KSV(GSH)= 3.3 9 106 M–1,
KSV(Cys)= 2.5 9 106 M–1, KSV(hCy)= 8.8 9 105 M–1
in the range of 1.6 to 4.4 lM. The detection limit
obtained for these three thiols were found to be 35, 55
and 80 nM for GSH, Cys and hCy, respectively. The
ﬂuorescence quenching for all other non thiol functional group based amino acids and inorganic salts are
extremely negligible as shown in Figure S4 (SI). Even,
the Methionine with (R-S-Me) group does not cause
any emission quenching upon its addition to NPAu:PVP custer, suggesting the necessity of free thiol
(-SH) group for the said effect.

3.4 Mechanistic understanding
As depicted in Scheme 1, the sensing mechanism is
believed to be ligand displacement-based quenching of
naphthalene excimer emission. To prove this hypothesized mechanism we have measured the ﬂuorescence
lifetime values of the cluster during its titration with

GSH as a representative thiol. We performed TCSPC
experiment with NP-Au:PVP nanocluster (2 mL
0.5 mg/mL) against incremental addition of GSH (50
and 100 lM) by using excitation light source (kex) at
300 nm and recording the emission at 365 nm (Figure 6 and Table S1, SI). The average emission lifetime
of NP-Au:PVP nanocluster calculated through a biexponential ﬁtting of its decay proﬁle was found to be
7.2 ns. Interestingly during the gradual addition of
‘GSH’ to the gold cluster solution, we could ﬁnd very
identical decay proﬁles with almost similar lifetime
values. The calculated lifetime values obtained during
two different concentration of added ‘GSH’ (Table S1,
SI) are very close to the values of pristine NP-Au:PVP
cluster. In an apparent look, the similar lifetime values
of pristine NP-Au:PVP nanocluster and its derivatives
formed during gradual addition of ‘GSH’ indicates
that a static quenching mechanism might be the predominant process operative here. If we look in to the
mechanism of this sensing process (Scheme 1), it is a
ligand displacement process. The aryl iodide ligands
grafted on gold clusters are getting displaced by more
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Scheme 1. Schematic representation of luminescence quenching based sensing of thiols through the displacement of
2-Iodonaphthalene ligand by thiol from NP-Au:PVP cluster.

Figure 6. Fluorescence decay proﬁle of 2-Iodonaphthalene (kem = 325 nm), and NP-Au:PVP nanocluster (kem
= 365 nm) in presence of 0, 50 and 100 lL of GSH upon
excitation (kex) at 300 nm laser source in water:DMSO
mixed solvent at 298 K.

strongly bonded ligands (thiols) and hence the excimer
emission originated from aryl groups is gradually
diminished. In dynamic quenching process, the analyte
interacts with the excited state species of ﬂuorophore.
But here no such process is operative, hence we can
exclude the possibility of dynamic quenching process.
The excimer emission resulting from the aryl groups
grafted on gold nanosurface are gradually quenched

through replacement by GSH ligands. The lifetime
value of excimer remains same, because the number of
excimer species are getting decreased, but the nature
of excimer species remains same, hence although
ﬂuorescence quenching is observed but deﬁnitely their
lifetime value will remain same.
For the further establishment of our hypothesized
mechanism, the proton NMR spectra of the cluster
after the addition of ‘GSH’ was also measured. For
this experiment we had taken NP-Au:PVP cluster
(10 mg in 5 mL MeOH) and ‘GSH’ (2 mg) was added
to it followed by stirring for 1 h at RT. Then the
solution was centrifuged and washed repeatedly with
methanol and at the end the obtained solid precipitate
(nanocluster) was collected, dried and was send for
NMR analysis. The 1H NMR spectra of NP-Au:PVP
cluster (Figure 3b) and the above ligand exchanged
cluster (Figure 3c) clearly reveals that 2-Iodonaphthalene has been displaced from as we could see lowintensity peaks in the aromatic (7-8 ppm) region. The
proton signals of GSH could not individually be
assigned in the treated cluster (Figure 3c), because of
the strong PVP peaks. The hydrodynamic diameter
(Dh) of the NP-Au:PVP cluster after addition of ‘GSH’
also shows an identical size of *9 nm, as have been
found for Au:PVP and NP-Au:PVP. The measured
MALDI mass spectra of GSH exchanged NP-Au:PVP
cluster showed two distinct (but relatively broad)
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peaks with the mass value of 11.5 kDa and 5.1 kDa,
respectively (Figure S6, SI). We speculate that it could
be a single cluster and these two peaks may represent
their ?1 and ?2 charge states respectively, or maybe
it’s a mixed nuclearity cluster. We did not try the
further in-depth analysis of the cluster to get its
composition. However, we can deﬁnitely tell that the
mass spectral pattern between the parent cluster and
thiol exchanged version is distinctly different. With all
this experimental evidence, we could strongly argue
that, the operative mechanism of thiol induced ﬂuorescence quenching is due to displacement of aryl
iodide ligand from the gold surface. A comparative
table with all previously reported gold nanoparticlebased systems for detection of thiol molecules through
the calorimetric/ﬂuoremetric method are also presented (Table S2, SI).

4. Conclusions
In summary, in the present work, we have demonstrated a new strategy for sensitive detection of
‘thiol’ molecules based on ﬂuorescence quenching
(turn-off) response of an aryl iodide and
polyvinylpyrrolidone mixed ligand stabilized luminescent gold cluster. The cluster showed strong ﬂuorescence due to excimer emission, which was
ascribed to originate from weakly chemisorbed aryl
iodide ligands on gold nanosurface. The solution
phase detection of thiol molecules was achieved with
nanomolar detection limit (up to 35 nM) through
quenching of excimer emission of this NP-Au:PVP
cluster. Among various L-amino acids and common
salts titrated against the cluster, we could get ﬂuorescence quenching response for GSH, Cys and hCy
and thus selective detection of these thiols were
successfully demonstrated. The photophysical studies
and 1H NMR spectral signature reveals that a ligand
displacement pathway is a dominant mechanism
where NP ligands are replaced by thiols due to strong
interaction between gold and the later ligands. The
selectivity for different thiols follows the order GSH
[ Cys [ hCy with very high Stern-Volmer constant
(KSV = 3.3 x 106 M-1) and ultralow Limit of
Detection (LOD) value of 35 nM.
Supplementary Information (SI)
Scheme S1, Figures S1-S6 and Tables S1-S2 are available
at https://www.ias.ac.in/chemsci.
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