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We  describe  the  application  of a recently  discovered  family  of  materials  called  quantum  clusters,  which
are sub-nanometer  particles  composed  of  a few  atoms  with  well-defined  molecular  formulae,  exhibiting
intense  absorption  and  emission  in the  visible  region  in  metal  ion  sensing,  taking  Ag25 as an  example.  The
changes  in  the optical  properties  of the  cluster,  in  both  absorption  and  emission  upon  exposure  to  various
metal  ions  in  aqueous  medium  are  explored.  The  cluster  can  detect  Hg2+ down  to  ppb  levels.  It  can  also
detect  5d  block  ions  (Pt2+, Au3+ and Hg2+) down  to  ppm  limits.  Hg2+ interacts  with  the  metal  core  as  well
ptical properties
lusters
ggregation
etal ion sensing

as  the  functional  groups  of  the  capping  agents  and  the  interaction  is concentration-dependent.  To under-
stand  the  mechanism  behind  this  type  of  specific  interaction,  we  have  used  spectroscopic  and  microscopic
techniques  such  as UV–vis  spectroscopy,  luminescence  spectroscopy,  Fourier  transform  infrared  spec-
troscopy  (FT-IR),  scanning  electron  microscopy  (SEM),  high  resolution  transmission  electron  microscopy

action 2+
(HRTEM),  and  X-ray  diffr
proposed.

. Introduction

Among the synthesized nanostructures in the recent past, quan-
um clusters [1] (QCs) or sub-nanoclusters [2] of noble metals are
xciting due to their novel optical and electronic properties. They
re useful in various kinds of applications such as metal ion sens-
ng, [3–8] catalysis [9,10] and bioimaging, [11–13]. Among all the

etal ions, mercury has a specific attraction towards sulphur due to
oft–soft interaction and several sensors, belonging to a broad cat-
gory of technologies and materials, have been developed based
n chemical interactions [14–18].  A number of fluorescence based
ensors for the detection of mercury has been reported [19–22].
ercury is one of the highly toxic heavy metals. It is equally stable

n its metallic, inorganic and organic forms. Spreading of mercury
nto the environment is due to anthropogenic sources like combus-
ion of solid waste, fossil fuels, gold mining, etc. [23]. Contamination
f mercury in the ground water resources is one of the biggest
hreats for mankind. The release of mercury into water caused
everal public health hazards like the Minamata disease. As it has
trong affinity towards sulphur, it can block the sulphydryl group
f enzymes, proteins and membranes [24]. It is also responsible for
Please cite this article in press as: I. Chakraborty, et al., Luminescent sub-nan
J.  Hazard. Mater. (2012), doi:10.1016/j.jhazmat.2011.12.032

bnormal activity of the brain, liver and kidney [25]. Because of its
everal serious hazardous effects on mankind, there is a need to
evelop highly selective and sensitive sensors for detecting mer-

∗ Corresponding author. Tel.: +91 44 2257 4208; fax: +91 44 2257 0545.
E-mail address: pradeep@iitm.ac.in (T. Pradeep).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.032
 (XRD).  Specific  reasons  responsible  for the  interaction  of  Hg have  been

© 2011 Elsevier B.V. All rights reserved.

cury in aqueous medium. The USEPA (United State Environmental
Protection Agency) has set a maximum of 2 ppb limit for mer-
curic ion in drinking water [26]. Gold nanoparticle [27] and gold
nanorod [28] based determination of mercury has been reported.
Investigation to such an extent has not been done in the case of sil-
ver. Bootharaju and Pradeep [29] have reported silver nanoparticle
based Hg scavengers, which have also been used for other heavy
metals.

All of these sensing studies do not give much details of the inter-
action of the heavy metal with the nanosystem. In this report, we
have studied the sensing capability of a silver cluster as well as
the detailed mechanism of interaction of Hg2+ under different con-
centrations. For the study, we have used Ag25, a newly discovered
cluster as the cluster of choice [30]. Distinctly different chemical
species have been observed as a result of the interaction and they
have been characterized with diverse instrumentation. Although
there have been a few reports of metal ion sensing by quantum
clusters of gold [3–8], there have been no reports on silver clusters.
Applications such as the present one will be better viable with sil-
ver than gold, in view of the reduced cost. Mechanism of interaction
has been studied in detail.

2. Experimental
ometer clusters for metal ion sensing: A new direction in nanosensors,

2.1. Chemicals

We have used commercially available chemicals without
additional purification. Silver nitrate (AgNO3, 99%), glutathione

dx.doi.org/10.1016/j.jhazmat.2011.12.032
dx.doi.org/10.1016/j.jhazmat.2011.12.032
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pradeep@iitm.ac.in
dx.doi.org/10.1016/j.jhazmat.2011.12.032
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ig. 1. (A) UV–vis spectrum of the as-synthesized Ag25 clusters in the aqueous med
pectrum of the Ag25 aggregate. The various peaks are labeled. (C) A cartoon repres

GSH, 97%), methanol (G.R grade), ammonium per sulphate (APS),
,N′methylene bisacrylamide (A.R grade), acryl amide (A.R grade),
,N,N′,N′-tetramethylethelenediamine (TEMED), all metal chlo-

ides and mercuric acetates were purchased from SRL Chemicals Co.
td. Sodium borohydride (99.99%), ethanol (HPLC grade), methanol
HPLC grade) and tetraocylammonium bromide (TOAB) were pur-
hased from Sigma–Aldrich.

.2. Synthesis of the silver cluster

Glutathione protected silver cluster (GSH exists as –SG, the
hiolate form on the cluster) was synthesized within the poly-
crylamide gel [30]. The detailed synthesis protocol is given in
upplementary data 1. After the synthesis, it was further purified
hrough filtration to remove the excess gel. Instrumentation details
re presented in Supplementary data 2.

.3. Reaction of silver cluster with metal ions

In the initial experiments, Ag25 (20 ppm concentration) was
llowed to interact with 50 ppm solutions of the metal ions (Cr3+,
n2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pd2+, Cd2+, Pt2+, Au3+ and Hg2+)

eparately. Later experiments were done with reduced metal ion
oncentrations of 10 ppm for selective sensitivity study. As Hg2+

as sensitive at 1 ppm range, lower concentration (ppb) studies
ere done only with Hg2+, monitored by optical absorption spec-

roscopy. The concentrations mentioned are those present in the
nal solutions, after mixing. All the experiments were carried out

n room temperature. Initial studies were done with chlorides, but
ther salts such as acetates were also used to confirm the results.
or fluorescence quenching experiment we have transfer the clus-
er into organic medium by using TOAB.

. Results and discussion
Please cite this article in press as: I. Chakraborty, et al., Luminescent sub-nan
J.  Hazard. Mater. (2012), doi:10.1016/j.jhazmat.2011.12.032

.1. Characterization of silver cluster

In the following, we present the most essential characterization
f the cluster. More detailed discussion of the data is presented
Inset is a photograph of the Ag25 powder. The peak positions are marked. (B) EDAX
on of the Ag25 cluster. SG corresponds to glutathione in the thiolate form.

in a separate work, which reported this cluster initially [30]. The
as-synthesized clusters show strong quantum size effects such as
multiple molecule-like transitions in their optical spectrum mea-
sured in water appearing at 330, 478 and 640 nm (Fig. 1A). A
shoulder is also found at 550 nm.  Absorption profile of the clusters
is in agreement with the clusters reported by Cathcart and Kitaev
[31], who have suggested that these clusters may  be Ag25 from
electrospray ionization mass spectrometry (ESI MS) data. LDI MS
of phase transferred clusters show well defined peaks to multiply
charged species of the type (Ag25SG18)q−, and ions correspond-
ing to q = 7, 8, 9,. . .18 were detected which makes it possibly to
precisely assign the cluster [30]. Laser desorption ionization mass
spectrometry (LDI MS)  data of phase transferred Ag25 clusters in
the negative mode also show well-defined peaks assignable to the
cluster. The atomic ratio of Ag:S is confirmed by EDAX (Fig. 1B).
Other spectroscopic characterization of the cluster such as XPS will
be discussed at an appropriate place below. The cluster exists as a
brown-black powder in the solid state. It is highly soluble in water
giving a brown solution. The clusters can be transferred to organic
medium by a phase transfer agent, TOAB. The optical absorption
features of clusters are not affected as a result of phase transfer to
toluene (Fig. 2A). The as-synthesized cluster does not show observ-
able luminescence under UV lamp but upon phase transfer to the
organic medium, it shows bright luminescence which can be pho-
tographed. Increase in luminescence intensity upon phase transfer
is attributed to the change in the rate of non-radiative rate [8].  The
excitation and emission maxima are at 480 and 630 nm at room
temperature (Fig. 2B). Photographs of the phase transferred clus-
ter, along with the aqueous phase in visible and UV light are shown
in the inset of Fig. 1A.

3.2. Application in metal ion sensing
ometer clusters for metal ion sensing: A new direction in nanosensors,

The interaction of mercury with the cluster has been investi-
gated with the help of several spectroscopic and microscopic tools
and a discussion of the data are presented below.

dx.doi.org/10.1016/j.jhazmat.2011.12.032
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Fig. 2. UV–vis spectra of (A) as-synthesized Ag25 in aqueous (blue trace, before phase transfer) and organic media (red trace, after phase transfer in toluene). Peak positions
in  both the cases are the same. The peaks are shifted for clarity. Insets are photographs of Ag25 solution after phase transfer in visible light (a) and UV light (b), respectively.
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race,  before phase transfer) and toluene (red trace, after phase transfer). The sampl
f  the references to color in this figure legend, the reader is referred to the web ver

.2.1. UV–visible spectroscopy
In the optical absorption spectrum, the characteristic peaks of

g25 clusters appear at 330, 478 and 640 nm.  It has been found
hat upon addition of metal ions into the cluster solution, there is a
hange in the characteristics of the cluster, depending on the metal
on. Initially the effect has been studied with 50 ppm solution of the

etal ion, which was added to the cluster solution (20 ppm). UV–vis
haracteristics of the as-synthesized Ag25 cluster changed drasti-
ally for the 5d block ions (Fig. S2).  The intensity of the 478 nm peak
ecreased for every metal ion, and the 640 nm peak nearly disap-
eared (Fig. S3A). Among the 5d block elements, particularly Hg2+

nd Au3+ almost destroyed the UV–vis characteristics of the Ag25
luster, while Pt2+ shows a shift in wavelength. Metal ion concen-
ration was reduced to 10 ppm to know the metal ion specificity,
eeping the cluster concentration constant. Important informa-
ion to note is that Cd2+ is different in the UV–vis characteristics
Please cite this article in press as: I. Chakraborty, et al., Luminescent sub-nan
J.  Hazard. Mater. (2012), doi:10.1016/j.jhazmat.2011.12.032

Fig. S3B). A multiple step-like behaviour is observed at both the
oncentrations. For 10 ppm solution (Fig. 3A) it has been found that
nly Hg2+ solution is showing effect on UV–vis features of the clus-
er, rest of the ions are not manifesting changes. The 478 nm peak

ig. 3. UV–vis absorption spectra of various metal ions (10 ppm concentration) which are 

nder  visible light (B). Effect of various metal ions (10 ppm) on the emission intensity 

epicting fluorescence quenching are given for the phase transferred cluster (a) upon add
above. (B)This shows luminescence excitation and emission of Ag25 in water (blue
e excited at 480 nm and the emission maximum was  at 630 nm. (For interpretation
f the article.)

is  blue-shifted and a new hump is seen at 420 nm,  which may  be
due to the Ag–Hg alloy formation [32,33].  In order to prove that
anion does not have any effect, acetate salt of Hg (II) was  taken
(Fig. S3D). This also shows the same behaviour, which confirms
that the interaction is due to Hg2+ only. Therefore, we  conclude
that at low concentration, Ag25 can sense Hg2+ in aqueous medium.
Detection of Hg2+ with a lower limit detection of 1 ppb is possible
as shown in Fig. S4.  The sensing capability and limit of detection
can be easily understood from Fig. 4, which shows that among all
the metal ions, the sensitivity is better for Hg2+ and the detection
limit is down to 1 ppb (see also supporting information Fig. S4).

3.2.2. Fluorescence spectroscopy
It is also possible to detect the presence of Hg2+ by a fluorescence

quenching experiment. The phase transferred cluster in toluene
shows bright fluorescence under UV light compared to cluster in
ometer clusters for metal ion sensing: A new direction in nanosensors,

the aqueous medium (Fig. 3A, inset photographs). Upon addition
of Hg2+, the fluorescence intensity is decreased (Fig. 3C). The exci-
tation and emission spectra are taken for all metal ions (Fig. S5).
As seen, Hg2+ is showing a pronounced effect in decreasing the

added to aqueous Ag25 cluster solution (A). Photographs of corresponding solutions
of Ag25 cluster (C). Below the UV–vis spectra, photographs (under UV excitation)
ition of, 1 ppm (b), 2 ppm (c) and 10 ppm (d) solutions of Hg2+.

dx.doi.org/10.1016/j.jhazmat.2011.12.032
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howing an expanded portion of the same in ppb range, which shows the sensing c

mission intensity compared to other metal ions. The parent
luster is giving a characteristic excitation at 480 nm and emission
t 630 nm.

.2.3. IR spectral analysis
We shall now discuss the details of the interaction of Hg2+ with

g25 clusters. The IR-spectral data of parent cluster and the cluster
reated with different concentrations of Hg2+ (10 ppb and 10 ppm)
re given in Fig. 5. The cluster has characteristic bands at 3430 cm−1

ue to O H stretching, and at 2922 cm−1 due to C H stretching.
Please cite this article in press as: I. Chakraborty, et al., Luminescent sub-nan
J.  Hazard. Mater. (2012), doi:10.1016/j.jhazmat.2011.12.032

bsence of band at 2552 cm−1 proves the presence of the ligand
n the thiolate form [30]. The band at 1658 cm−1 was shifted to
643 cm−1 upon treatment of the cluster with Hg2+ solution (for
oth the cases, i.e. with 10 ppm and 10 ppb concentration). This

ig. 5. FT-IR spectra of free Ag25 cluster (green) and the cluster with low (10 ppb, red trac
nset  is an expanded view of the carbonyl stretching region. (For interpretation of the refe
rticle.)
ntration of Hg2+ alone is also plotted against the same (on the right side). Inset is
ity of Hg2+ in the ppb range.

band is assigned to C O stretching frequency of the peptide. This
confirms the binding of Hg2+ with the carbonyl moiety of the pep-
tide [34,35]. Band at 1397 cm−1 is due to the C O stretching of
the carboxylate. Absence of shift in this band has confirmed the
non-attachment of Hg2+ to the free carboxylate group of the lig-
and. The C C stretching and COO− bending are found at 1122 cm−1

and 621 cm−1, respectively. Therefore, from this data it can be pre-
dicted that Hg2+ is binding to the carbonyl moiety of the peptide in
both the cases.
ometer clusters for metal ion sensing: A new direction in nanosensors,

3.2.4. HRTEM and SEM analysis
Fig. S6 shows the HRTEM images of the cluster treated with low

concentration of Hg2+(10 ppb). The presence of cluster indicates
that at low concentration of Hg2+ (10 ppb) it will not destroy the

e) and high concentration (50 ppm, black trace) of Hg2+ measured in a KBr matrix.
rences to color in this figure legend, the reader is referred to the web version of the

dx.doi.org/10.1016/j.jhazmat.2011.12.032
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ig. 6. TEM and EDAX images of aggregated mass formed by the addition of 10 ppm
 are in (A, B, C and D), respectively. Various types of aggregated geometries are fou

luster features, which is also confirmed from the IR spectral data
hich suggests the attachment of Hg2+ with the carbonyl moiety

f the peptide. Low concentration is also supported from the EDAX
nalysis (Fig. S7)  where elemental maps of Ag, Hg and S are also
iven.

TEM image of an aggregated mass formed after treating with
0 ppm solution of Hg2+ reveals a few distinctly visible clusters
s well (Figs. 6 and S8B). It may  be noted that clusters are highly
ensitive to the electron beam. The TEM image of the aggregated
ass formed by the treatment of 10 ppm Hg2+ shows various

ypes of shapes such as rods, hexagons, triangles, squares, octagons
Fig. S9),  etc. which are a few micrometer in dimension. These can
e separated from the free clusters upon centrifugation (Fig. S10).
pon higher magnification, the lattice planes were visible which
re corresponding to (0 2 1) plane of paraschachnerite or Ag3Hg2
Fig. S9H). This is also supported by XRD data given below. EDAX
uantification of an isolated hexagonal shape (Fig. S11A) also sup-
orts the formation of Ag3Hg2 alloy during interaction of 10 ppm
olution of Hg2+ with Ag25 cluster.

The composition of alloy is also supported by the SEM analysis
resented earlier (Fig. 7), where the EDAX quantification data of
his sample shows a composition of Ag2.8Hg2.1.

.2.5. XRD data
The X-ray diffraction pattern of the residue formed due to the

reatment of Ag25 cluster with 10 ppm Hg2+ shows peaks (Fig. 8A)
orresponding to Ag–Hg alloy. The peaks are well matched with the
CPDS data of Ag3Hg2 or paraschachnerite having an orthorhombic
Please cite this article in press as: I. Chakraborty, et al., Luminescent sub-nan
J.  Hazard. Mater. (2012), doi:10.1016/j.jhazmat.2011.12.032

rystal structure [36]. This confirms the reduction of mercury. At
ery low concentration (10 ppb) of Hg2+ it can only attach to the
arbonyl moiety but at higher concentration (10 ppm) it can bind
ith sulphur moiety of thiolate ligand and interact with silver
solution to the cluster solution. The TEM image and elemental maps of Hg, Ag and

surface leading to the reduction of Hg2+ to Hg and subsequently
to the alloy. This is in accordance with the UV–vis data (Fig. S3C)
where the peaks are shifted to lower wavelength. At still higher
concentration, cluster gets degraded due to more and more reduc-
tion occurring on the surface of silver. XRD of the final product
obtained after treating the cluster with excess Hg2+ is given in
Fig. 8B. The product peaks are well matched with the peaks corre-
sponding to Hg and AgCl (ID 74-0039 and 85-1355) which confirms
the reduction of Hg2+ to Hg in the nanoscale as Ag is oxidized [29].

3.2.6. XPS study
XPS survey spectrum of the parent sample shows the expected

elements (Fig. S12). Ag is in its zero valent state in XPS, with a
binding energy of 368.0 eV for Ag 3d5/2. XPS and SEM give the same
atomic ratio of Ag and S. The XPS survey spectrum of the cluster
treated with high (100 ppm) and low (100 ppb) concentration of
Hg2+ are given in Fig. S12. All the peaks are assigned. The presence
of Na is form sodium borohydride used as the reducing agent in
the synthesis. Fig. 9 shows the expanded XPS spectra of Ag and
Hg for both the cases. At low concentration (100 ppb), no peaks
corresponding to Hg 4f are observed (Fig. 9B) which may be due
to the fact that such a low concentration is beyond the detection
limit of the technique. The peak at 367.8 eV (Fig. 9A) assigned to
3d5/2 suggests the presence of silver in the zero valent state. So,
at lower concentration, oxidation is not happening which proves
that low concentration Hg2+ is not affecting the cluster core which
also supports the IR data. At high concentration, the Hg 4f7/2 shows
a peak at 101.6 eV corresponding to mercuric ion bonded to the
ometer clusters for metal ion sensing: A new direction in nanosensors,

carbonyl moiety of the ligands, in agreement with the IR data. The
peak at 99.9 eV corresponds to metallic mercury [29]. So, reduction
is happening in such a nanosystem. A peak at 367.2 eV for Ag 3d5/2
confirms the oxidation of silver during the course of the reaction.

dx.doi.org/10.1016/j.jhazmat.2011.12.032
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Fig. 7. EDAX spectrum of the cluster with 10 ppm Hg2+. Inset shows the SEM image (A) and elemental maps of silver (B), mercury (C) and sulphur (D). Elemental analysis
shows  that Ag and Hg are present in 2.8:2.1 ratio in the aggregated mass.
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Fig. 8. X-ray diffraction patterns of cluster treated with 10 ppm concentration of Hg2+, Ag3Hg2 type aggregated mass was formed, as shown by XRD (A).The XRD patern of
final  decomposed product formed by reaction of Ag25 with Hg2+ (100 ppm) via shown in (B). With 10 ppm concentration of Hg2+, JCPDS data of Ag3Hg2 (a), Hg (c) and AgCl
(e)  (ID 27-0617, 74-0039 and 85-1355, respectively) are also plotted against 2� (the maximum intensity of the standard patterns is scaled to 20). Good agreement is seen
with  the experimental data.
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Fig. 10. Schematic representation of the sequence of e

he S 2p3/2 (Fig. S13A) at 162.1 eV for low concentration of Hg2+ ion
uggests the intact monolayer [33]. A slight shift to 162.3 eV for high
oncentration of Hg2+ may  be attributed to the attachment of Hg
ith the sulphur moiety. Peak at 168.1 eV corresponds to sulphate,
hich may  be due to aerial oxidation or X-ray induced damage of

he thiolate monolayer and is a known phenomenon in monolayer
rotected systems [33]. The presence of C 1s peaks (Fig. S13B) at
85 (±0.01), 286.2 (±0.1) and 288.07 (±0.01) eV correspond to car-
ons of different chemical environment. The O 1s peak at 531.7
Fig. S13C) for both the cases suggest that the chemical environ-

ent of oxygen is the same. The N 1s peak (Fig. S13D) at 399.6
±0.1) eV remains the same at both the concentrations investigated.

We have proposed a mechanism for the interaction of Hg2+ ions
ith silver clusters based on the experimental results. It can be

ummarized as shown in Fig. 10.  Upon addition of Hg2+ to Ag25
lusters in solution, the S atom of the thiol group binds to Hg2+ ions
hrough soft–soft interaction, thus providing a weakly bound site
or Hg2+ along with attachment of carbonyl moiety. At higher con-
entration the Hg2+, the ion subsequently approaches the surface
g atoms of the cluster. A redox reaction results in the formation
f Hg atoms and Ag+ ions. Hg atoms either form an alloy with the
emaining metallic Ag atoms (at ∼10 ppm concentration of Hg2+),
r get precipitated as metallic Hg particles (at still higher concen-
rations). Oxidized silver react with Cl− ions forming a precipitate
f AgCl. Interestingly, though Hg2+ is not reduced by Ag in bulk,
e find that the reduction is achieved when Ag is present in the

orm of Ag25 clusters. The effect of interaction is manifested in
pectroscopic studies.

. Conclusion

Ag25 clusters can be used for sensing Pt2+, Au3+ and Hg2+ at low
oncentrations (ppm range for Pt2+ and Au3+ and ppb range for
g2+). Both the absorption and fluorescence features of the clus-

er can be used for the quantitative detection of Hg2+ in water.
his is the first detailed study of the interaction of metal ions with
ilver quantum clusters, a new family of luminescent materials.
g25 cluster detects Hg2+ up to a limit of 1 ppb.
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