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Highly fluorescent Ag nanoclusters: microwave-assisted green synthesis

and Cr
3+

sensingw
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Highly fluorescent Ag nanoclusters were prepared in aqueous

solution via a rapid microwave-assisted green approach and used

as a novel fluorescence probe for the determination of Cr
3+

ions

with high sensitivity and excellent selectivity.

Metal nanoclusters have become one of the important nano-

materials in current nanoscience research.1 These nano-

clusters, with size approaching the Fermi wavelength of electrons,

show discrete, size-tunable electronic transitions and thus exhibit

distinctive optical, electrical, and chemical properties compared to

relatively large metal nanoparticles. For example, Au and Ag

nanoclusters are fluorescent upon photoexcitation due to the

strong quantum confinement effect.2

Among metal nanoclusters, Ag nanoclusters especially

fluoresce and have been proved to be excellent fluorophores

for optical sensing, biolabeling, or single-molecule microscopy.

They represent significant improvements over existing organic

fluorescent dyes, and may be an alternative to much larger

intermittent semiconductor quantum dots.3 In the past few

years, several synthetic strategies have been proposed for the

preparation of Ag nanoclusters such as radiolytic, chemical,

sonochemical and photo-reduction approaches in the presence

of various stabilizing agents such as DNA, dendrimers,

polymer microgels, polyelectrolyte, etc.4 Although these

methods could obtain fluorescent Ag nanoclusters, several

synthetic issues remained, such as relatively long reaction

times, which might limit the large-scale preparation and

application of homogeneous nanoclusters. Therefore, developing

alternative environmentally sustainable (green chemical)

methods for the preparation of highly fluorescent Ag nano-

clusters is of great significance.

Herein, we report a fast, robust microwave-assisted green

synthesis of highly fluorescent Ag nanoclusters in the presence

of a common polyelectrolyte, polymethacrylic acid sodium salt

(PMAA-Na), which is proven to be a versatile template for the

preparation of Ag nanoclusters.4d,g Microwave irradiation was

chosen as the efficient and green heating style with reaction

times reduced to seconds. Moreover, microwave irradiation

offers rapid and uniform heating in solution, and thus provides

more homogeneous nucleation and shorter crystallization

time, which is greatly advantageous for the preparation of

uniform and monodisperse nanoclusters.5 To the best of our

knowledge, there is no report addressing the microwave-

assisted synthesis of fluorescent Ag nanoclusters. Further-

more, the potential application for Cr3+ sensing based on

the selective quenching effect of Cr3+ on the fluorescence

emission of the Ag nanoclusters was discussed.

A distinctive feature of Ag nanoclusters is their strong

fluorescence compared to relatively large non-fluorescent Ag

nanoparticles.1b The fluorescence excitation and emission were

investigated to confirm the formation of Ag nanoclusters. As

shown in Fig. 1A, the as-prepared Ag nanoclusters exhibit

strong fluorescence emission at 575 nm with excitation at

510 nm. The Ag nanoclusters are highly dispersed in aqueous

solution and present a transparent red suspension under room

light and become red-orange illuminated by a UV lamp with

excitation at 365 nm (inset of Fig. 1A). Furthermore, these

nanoclusters are stable and the fluorescence quenching does

not occur even after one month of storage in the dark at 4 1C.

The room temperature quantum yield of the Ag nanoclusters

is calculated about 6% with Rhodamine 6G in ethanol as the

reference and the excited state lifetime is 1.1 ns. A typical

transmission electron microscopy (TEM) image in Fig. 1B

shows that the Ag nanoclusters are monodispersed and

uniform. The diameter histogram shows the distribution of

the Ag nanoclusters with an average size of 2.0 nm. Its EDX

analysis indicates the presence of Ag, as well as Cu derived

from the copper grid in the sample preparation (Fig. S1, ESIw).
These results indicated that microwave irradiation facilitated

homogeneous nucleation and crystallization of highly fluores-

cent Ag nanoclusters. PMAA-Na as the stabilizing agent

effectively protected the Ag nanoclusters from further growth.

When conventional heating was used instead of microwave

irradiation, Ag nanoclusters with weak fluorescence were not

formed until 120 min with unhomogeneous size (Fig. S2, ESIw)
and insignificant quantum yield (o1%).

The evolution of absorption and fluorescence emission

of the Ag nanoclusters with the duration of microwave

irradiation was studied to explore the optimal conditions for

preparing the highly fluorescent Ag nanoclusters. As shown in

Fig. 2A, without microwave irradiation, the mixed solution is
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colorless and no absorption is shown in the wavelength range

from 350 to 700 nm. Upon irradiation, the solution gradually

turns light pink (30 s), red (70 s) and then dark red (140 s). The

solution displays a maximal absorption peak at 510 nm;

the absorption intensity shows gradual enhancement with

increasing the irradiation time. No surface plasmon resonance

peak appeared at 400 nm in the absorption spectra, suggesting

that larger Ag nanoparticles have not been formed in this

process.5b Correspondingly, upon excitation at 510 nm, the

solution shows a fluorescence emission peak at about 575 nm.

The intensity gradually increases up to 70 s of irradiation and

then gradually decreases until its complete disappearance at

140 s. Therefore, the highly fluorescent Ag nanoclusters could

be formed by irradiation for 70 s (inset of Fig. 2B). Further

prolonging irradiation after 140 s might lead to the formation

of non-fluorescent Ag nanoparticles. Obviously, microwave

irradiation significantly shortens and simplifies the synthetic

procedures of fluorescent Ag nanoclusters.

Ag nanoclusters could fluoresce by a wide range of

excitation wavelengths from 440 to 570 nm (Fig. 3), similar

to quantum emitters.4d The emission peak is red shift with

increasing the excitation wavelength and the maximum inten-

sity occurs under excitation at 510 nm, which indicates the

presence and distribution of Ag nanoclusters with different

association numbers. This is a highly reminiscent feature

of metal quantum dots due to inter-band transitions from

the submerged and quasi-continuum 5d band to the lowest

unoccupied conduction band of Ag nanoclusters.6

The influence of reaction conditions on the fluorescence

properties of Ag nanoclusters was also investigated. The

emission spectra of the mixed solution were recorded under

different pH values. As shown in Fig. 4A, the maximum

intensity is obtained when the pH of the initial solution is

around neutral. Too low or high pH value causes a negative

impact on the intensity. Since the carboxylic groups of

PMAA-Na are protonated at low pH, which weakens the

affinity for silver ions and results in the formation of larger Ag

nanoparticles; at high pH, nonfluorescent precipitates of

AgOH appeared.4b In addition, the initial concentration of

Ag+ ions was varied from 12.5 to 100 mM with the fixed

PMAA-Na concentration. As shown in Fig. 4B, the maximum

intensity of the emission at 575 nm is observed when the

concentration is 50 mM. Too low or high concentration causes

the intensity to greatly decrease. Synchronously, with increasing

the Ag+ ion concentration, the solution color becomes

gradually deep, indicating a corresponding increase in the size

of the Ag nanoclusters. TEM observation confirms this

speculation. Ag nanoclusters display varied sizes such as ca.

1.5 and 4.0 nm when the Ag+ ion concentrations are 25 and

100 mM, respectively (Fig. S3, ESIw). Therefore, the control of

Fig. 2 Temporal evolution of UV-vis spectra (A) and fluorescence

emission spectra (B) of the Ag nanoclusters with the duration of

microwave irradiation (in seconds). The inset of B shows their relative

intensities compared to the strongest emission with 70 seconds of

microwave irradiation. The excitation wavelength is 510 nm.

Fig. 3 Emission spectra of fluorescent Ag nanoclusters prepared in a

typical synthesis with different excitation wavelengths from 430 to

570 nm.

Fig. 1 The maximum excitation and emission spectra (A) and a

typical TEM image (B) of the highly fluorescent Ag nanoclusters.

Inset of A shows photographs of the solution of Ag nanoclusters

under room light (left) and illuminated by a UV lamp with excitation

at 365 nm (right); inset of B shows the diameter histogram of Ag

nanoclusters.
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the pH and the initial Ag+ ion concentration is essential for

the preparation of highly fluorescent Ag nanoclusters.

It was found that the fluorescence emission of the as-prepared

Ag nanoclusters was readily quenched in the presence of Cr3+.

Although Cr3+ in trace amounts is an essential nutrient

required for sugar and fat metabolism, its high concentration

is believed to induce oxidative DNA damage, causing cancer.7

Currently, few methods were developed for Cr3+ detection.8

Therefore, novel robust fluorescent probes for Cr3+ sensing

are urgently demanded.

The fluorescent Ag nanoclusters prepared in a typical

procedure were used to investigate the quenching behavior

of Cr3+ on the fluorescence emission. As shown in Fig. 5A, the

emission intensity is gradually reduced with increasing

the Cr3+ ion concentration. An excellent linear correlation

(R2 = 0.9956) exists based on the quenching effects (I0/I) on

the quencher concentration of Cr3+ ions over the range from

0.1 to 20 mM, as indicated in the inset in Fig. 5A. The detection

limit is found to be 28 nM using 3s/S method, where s is the

standard deviation of the blank signal and S is the slope of the

linear calibration plot.9

The selectivity of the assay was evaluated by challenging it

with other environmentally relevant metal cations. All of the

tested metal ions included Al3+, Ba2+, Ca2+, Cd2+, Ce3+,

Fe3+, Li+, Mn2+, Pb2+, Sr2+, Y3+, and Zn2+. Fig. 5B

presents the fluorescence quenching effect of the Ag nano-

clusters in the presence of 20 mM metal ions. Cr3+ ions could

quench the intensity in a significant manner. Al3+, Cd2+, Ce3+,

Fe3+, Li+, Mn2+, Sr2+ and Zn2+ ions present only a slight

quenching effect; Ba2+, and Ca2+, and Y3+ ions barely quench

on the emission. These results revealed that the assay approach

had high sensitivity and excellent selectivity toward Cr3+ ions.

In summary, a rapid microwave-assisted green method was

proposed firstly for facile synthesis of highly fluorescent Ag

nanoclusters in aqueous solution. The reaction time is greatly

reduced. The obtained Ag nanoclusters have favorable mono-

dispersity and good stability and exhibit bright and photo-

stable emission excited by visible light. The fluorescent Ag

nanoclusters can be used as a fluorescence probe for Cr3+

sensing. The proposed detection protocol provides high sensitivity

and excellent selectivity. In addition, the microwave-assisted

green method is expected to be extended to the synthesis of

other metal nanoclusters.
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Fig. 4 Fluorescence emission spectra of Ag nanoclusters generated

under different pH conditions (A) and with different initial Ag+ ion

concentrations (B). The excitation wavelength is 510 nm.

Fig. 5 Emission spectra representing the quenching effect of different

concentrations of Cr3+ ions on the fluorescent Ag nanoclusters

(A) and fluorescence quenching effect [(I0� I)/I0] of the Ag nanoclusters

at 575 nm with a concentration of 20 mM different tested metal ions (B).
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