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A facile one-pot sonochemical approach is presented to prepare

highly blue-emitting Ag nanoclusters (AgNCs) using glutathione as

a stabilizing agent in aqueous solution. The as-prepared AgNCs can

be applied in the selective detection of S2� with a limit of detection of

2 nM based on fluorescence quenching.
Silver nanostructures, due to their unique physical, electrical and

optical properties, have attracted considerable attention in recent

years for applications in catalysis, chemical sensing and bio-

diagnostics.1 For example, Ag nanoparticles exhibit localized surface

plasmon resonance and are applied to the colorimetric detection of

DNA,2 metal ions,3 proteins4 and enzymatic activity.5 In general,

when the size of Ag nanoparticles decreases to the level of the electron

Fermi wavelength (�0.5 nm for Ag), the plasmon absorption

disappears completely and a molecule-like property of discrete elec-

tronic states is generated. These smaller Ag nanoparticles are referred

to as Ag nanoclusters (AgNCs), and strong fluorescence can be

obtained due to their molecule-like electronic states and a nonzero

HOMO–LUMOgap.6However, AgNCs are generally not stable and

easily aggregate to form larger nanoparticles in aqueous solution.

To avoid this aggregation, several stabilizers are applied as scaf-

folds for AgNCs, such as dendrimers,7 polyelectrolytes,8 DNA,9

proteins,10 as well as small molecules containing carboxylic groups or

thiols.11Water-soluble highly fluorescent AgNCs have been prepared

using several methods including radiolytic,12 chemical reduc-

tion9,10,11c,d and photochemical (using UV light) approaches.8 For

example, Dickson and co-workers report highly fluorescent AgNCs

with the emission colour being tuneable via a DNA sequence using

sodium borohydride as a reducing agent.9c A variety of AgNCs are

also prepared by reduction with sodium borohydride using different

thiolates, such as 2,3-mercaptosuccinic acid,11a bovine serum albu-

min10c,e or dihydrolipoic acid11c as scaffolds. The production of

fluorescent AgNCs in polymer microgel hosts by UV irradiation has
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also been reported.8a Chemical reduction and photochemical (using

UV light) approaches are simple and effective methods to prepare

fluorescent AgNCs, however, they use environmentally harmful UV

irradiation or toxic sodium borohydride.

It is important, therefore, to develop environmentally friendly

methods for the preparation of fluorescent AgNCs. Sonochemistry is

a well-established method for the synthesis of various nano-

materials.13 Recently, Suslick’s group reported a sonochemical

synthesis method for fluorescent AgNCs in the presence of the

capping agent polymethylacrylic acid.14 However, Ar protection

during preparation is necessary, and more than one emitter is

obtained in the products.

Glutathione (GSH) is a natural tripeptide consisting of glutamic

acid, cysteine and glycine, and is widely used as a stabilizing agent in

the synthesis of fluorescent AuNCs15 and AgNCs.16 In our work we

described a facile sonochemical route for the preparation of blue-

emitting and well-dispersed AgNCs using GSH as a capping agent in

aqueous solution. Using ultrasound radiation, the one-pot prepara-

tion of fluorescent AgNCs in the presence of GSH could be achieved.

The as-prepared AgNCs were characterized by UV-vis absorption

and fluorescence spectra, as shown in Fig. 1. From the UV-vis

absorption spectrum, it can be observed that fluorescent AgNCs

exhibited a sharp absorption peak at 350 nm and a weak absorption

peek at 274 nm due to inter-band transitions between the ligand/d-

band and the sp band,17 but no characteristic surface plasmon band

of larger Ag nanoparticles at around 380–500 nm. The fluorescence
Fig. 1 UV-vis absorption spectrum and fluorescence spectra of fluo-

rescent AgNCs. Inset: photographs of fluorescent AgNCs under (a)

daylight and (b) UV light at 365 nm.
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spectra show that an emission peak could be found at 430 nm and the

maximum excitation wavelength was 350 nm. These optical proper-

ties of the as-prepared AgNCs are similar to the AgNCs obtained by

Xie’s group.16b As shown in the inset of Fig. 1, the solution of fluo-

rescent AgNCs appeared colourless under daylight, while it emitted

blue fluorescence under the UV light at 365 nm. The quantum yield

of the fluorescent AgNCs was 1.9% calculated with quinine sulfate as

a reference with a 350 nm excitation source.18 Furthermore, the as-

preparedAgNC solutionwas stable and had no obvious change (only

a 13% decrease) in fluorescence intensity even after six weeks’ storage

without inert gas protection in the dark at 4 �C, as shown inFig. S1 in
the ESI.†

As shown in Fig. 2a, the transmission electron microscope (TEM)

image shows that the fluorescent AgNCs were well-dispersed and

uniform with an average size of 1.8 nm. An energy dispersive X-ray

(EDX) spectrum (Fig. 2b) reveals the presence of Ag and S atoms.

This result verified that the AgNCs were surrounded by the stabi-

lizing agent GSH. Fourier transform infrared (FT-IR) spectra of

GSH and GSH-stabilized fluorescent AgNCs are shown in Fig. 2c.

The S–H stretching band (2524.7 cm�1) ofGSHdisappeared from the

surface of the AgNCs, indicating the formation of covalent bonds

between the GSH and AgNCs. The composition of fluorescent

AgNCs was analyzed using matrix-assisted laser desorption ioniza-

tion time-of-flight (MALDI-TOF) mass spectroscopy. As shown in

Fig. 2d, a major peak at �4545 Da could be assigned to the species

[Ag12GSH10� 8H+ + 8Na+] for the fluorescent AgNCs, which agrees
Fig. 2 (a) TEM image and (b) EDX spectrum of the fluorescent AgNC

(d) MALDI-TOF mass spectroscopy of the fluorescent AgNCs (positive-ion
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with an earlier report.16b A low-intensity peak at�5093 Da might be

assigned to the species [Ag15GSH11], whichmight be attributed to the

by-product produced under ultrasonic irradiation.

The relationship between the fluorescence emission spectrumof the

as-prepared AgNCs and the excitation wavelength was investigated.

As shown in Fig. S2,† for an excitation wavelength between 320 nm

and 370 nm, an emission peak at 430 nm with a maximum intensity

could be observed at the excitation wavelength of 350 nm. The

emission wavelength remained constant but the fluorescence intensity

changed only with the increase of the excitation wavelength, indi-

cating that the as-prepared fluorescent AgNCs contain only a single

emitter.

The temporal evolution of the absorption spectra and the corre-

sponding fluorescence emission spectra of the AgNCs under ultra-

sound radiation is shown in Fig. S3.†There were two broader

absorption peaks at 350 nm and 274 nm, and a small emission could

be observed before the ultrasonic irradiation. With increasing ultra-

sonic time up to 105 min, the absorption peak at 350 nm gradually

became sharp and the peak at 274 nm gradually decreased, while the

corresponding emission intensity gradually increased. After that, the

absorption peak at 274 nm appeared again and the peak at 350 nm

became broader. In addition, longer ultrasonic irradiation could

reduce the emission intensity due to the generation of larger numbers

of non-fluorescent AgNCs under longer ultrasonic irradiation times.

The best ultrasonic irradiation time for the synthesis of fluorescent

AgNCs was 105 min.
s. (c) FT-IR spectra of free GSH and the GSH-stabilized AgNCs.

mode).
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Fig. 3 Emission spectra of fluorescent AgNCs in the presence of various

concentrations of S2� at a pH of 5.0 (from top: 0, 0.01, 0.02, 0.03, 0.04,

0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.12, 0.15, 0.20, 0.30, 0.40, 0.50, 0.75, 1.0,

1.5 and 2.0 mM). Inset: relationship of relative fluorescence intensity with

varying S2� concentration.

Fig. 4 Selectivity of fluorescent AgNCs towards S2� over other anions at

a pH of 5.0. The concentration of each anion was 1.0 mM.
The influence of parameters such as themolar ratio of Ag+ toGSH

and the pH value on the synthesis of fluorescent AgNCs was inves-

tigated. Fig. S4† shows the UV-vis absorption and fluorescence

emission spectra of fluorescent AgNCs prepared with different ratios

of Ag+ to GSH under the same Ag+ concentration and ultrasonic

time. The optimal ratio was quite well-defined at 1 : 4, which can be

considered either as the ratio of silver to GSH, corresponding to the

chemical composition of the AgNCs, or at least as the ratio at which

a possible excess of GSH is beneficial for the cluster formation and

stability.11d The pH value, which was controlled by the addition of

NaOH orHNO3 in the experiments, also played an important role in

the synthesis of the fluorescent AgNCs. As shown in Fig. S5,†the

maximum emission and absorption intensities at 350 nm could be

synchronously obtained when the initial pHwas about 5.0. Higher or

lower pH values caused the emission intensity to decrease due to the

cluster formation change.

Based on a previous report,19 a possible mechanism was proposed

for the preparation of fluorescent AgNCs. Firstly, Ag+ reacted

with GSH to form a kind of silver thiolate complex, then ultrasonic

irradiation destroyed the C–S bond of the silver thiolate complex and

released a radical R_. After the radical R_reduced Ag+ to Ag0, AgNCs

were generated and kept stable in the presence of excess GSH, which

was taken as a capping agent.

S2� is an important element in environmental monitoring due to its

wide distribution in natural water and wastewater.20 Note that the

solubility product constant of Ag2S (ref. 21) and the stability constant

of silver thiolate22 are 6.3� 10�50 and 1� 1012.3 M�1, respectively. As

a result of the formation of Ag2S (ref. 23), the as-prepared AgNCs

could be considered in the determination of S2� concentration using

their fluorescence quenching. The response mechanism of fluorescent

AgNCs towards S2� was investigated. Fig. S6† shows that the solu-

tion of the Ag nanoclusters gradually changed to yellow in colour as

the S2� concentration increased, indicating the generation of Ag2S

formation or large Ag nanoparticles. From the UV-vis absorption

spectra, it could be observed that a broad absorbance band for the

Ag2S particles appeared as the S2� concentration increased, and no

characteristic surface plasmon band for large Ag nanoparticles was

seen, confirming the existence of Ag2S formation.24 To evaluate

the sensitivity of this sensing system, different concentrations of

S2� (0.01–2.0 mM) were added to the solution containing the

as-prepared AgNCs. As shown in Fig. 3, the fluorescence intensity of

theAgNCs gradually decreased as the concentration of S2� increased.

Two linear correlations existed between the value of (F0 � F)/F0
and the S2� concentration in the logarithmic scale, 0.01–0.09 mMand

0.1–1.5 mM. The two linear equations were as follows: (F0 � F)/F0 ¼
0.2667 log[S2�]� 0.2434 and (F0� F)/F0¼ 0.5159 log[S2�]� 0.6687.

The detection limit at a signal to noise ratio of 3 for S2� was found to

be 2 nM, which was much lower than the maximum level (15 mM) of

H2S in drinkingwater permitted by theWorldHealthOrganization.25

To evaluate the selectivity of fluorescent AgNCs towards S2�,

a series of anions were investigated under similar conditions for the

detection of S2�, such as F�, Cl�, Br�, I�, NO3
�, S2O8

2�, HCO3
�,

SO3
2�, SO4

2� and HPO4
2�. As shown in Fig. 4, S2� showed a signif-

icant quenching intensity of theAgNCs, while other anions presented

only a slight quenching effect. These results revealed that the AgNCs

were highly selective towards S2�.

In conclusion, we have presented a facile one-pot sonochemical

synthesis of blue-emitting AgNCs using GSH as a capping agent in

aqueous solution. The results reveal that it is a rapid and
This journal is ª The Royal Society of Chemistry 2012
environmentally friendly method for preparing fluorescent AgNCs.

The AgNCs consist of 12 silver atoms and the experimental condi-

tions have been optimized to derive AgNCs with high emission. The

AgNCs exhibit excellent water solubility and good dispersion, as well

as high stability, and have an excellent sensitivity and high selectivity

towards S2�, with a detection limit of 2 nM.
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