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Fast, high-yield synthesis of amphiphilic Ag
nanoclusters and the sensing of Hg*" in
environmental samples

Nan Xia, ** Jie Yang, ™® Zhikun Wy

We report the high-yield (74%) synthesis of Ag;.(Capt).s (abbreviated as Ags,) in a very time-savin-
fashion (half an hour). The cluster composition was determined by high-resolution mass spectrometr:
combined with TG analysis, and the structure was probed by 1D and 2D NMR. Interestingly, the
nanoclusters can dissolve in water and methanol, as well as in most organic solvents such as ethanc

acetone, acetonitrile, dichloromethane and ethyl acetate with the assistance of acetic acid. Such a go~d
solubility in a range of various polar solvents was not reported previously in nanoclusters research ana 1.
important for applications. An important result from this work is that Agy, can sense low concent -=
Hg*" in environmental samples (including lake water and soil solution), indicating that Ags, can be a
potential colorimetric probe for Hg*". The sensing mechanism was revealed to be related to the z~*

galvanic reduction process.
Introduction

Noble metal nanoclusters (NCs), which bridge the ‘‘missing
gap’’ between organometallic compounds and nanocrystals,
have been very actively investigated in a variety of fields
including optics,'” sensing,*® bioimaging,’"'' biomedicine,'?
and catalysis."*'7 The size of NCs is close to the Fermi
wavelength of an electron (i.e. 0.5 nm for gold and silver), thus
the optical, electronic, and chemical properties of NCs are
altered sharply with the core size change.'® On the other hand,
the size effect on the percentage of surface atoms and
protecting ligands could also affect the properties of NCs."> A
series of size-discrete, atomically precise gold nanoclusters
(AuNCs) protected by thiolates have been reported in recent
years, such as Auto, 0 Aug,? Auss,? Auss, PP Ausg,?® Ausg’’
Ausg,”® Auss,?® Augr,>® A, Aupse, > Auggs, > etc.

Although the growth of AgNCs is lagged behind the
prosperous gold analogues owing to its susceptibility to
oxidation and aggregation,®® AgNCs are finding ever-
expanding roles in many areas due to high surface-to-volume
ratio, facile surface tailorability, and desirable luminescence
properties.*® Several stabilizers were introduced for AgNCs,
such as dendrimers, polyelectrolytes, DNA, proteins, and small
molecules containing carboxylic groups or thiols.’® A limited
number of thiolate-protected AgNCs with well-defined
chemical composition such as Ag7,37 Ag7,g,38 Agg,39 Ag15,4°
Ag16,41 Ag3140, Ag32,42’ 4 and Ag4434 have been prepared until
now. Of note, among them, the crystal structure of Agy, has
been attained recently and the staple motif on Agy, surface is
totally different from the case of gold nanoclusters (Ags,**
Ag16,45 Ag32,45 Ag62,46’ Y Ag7o,48 Ag262>48 Ag320,49 and Ag49049

This journal is © The Royal Society of Chemistry 2013

are not considered herein due to their complicated surfac:
protecting). Those fundamental scientific issues involvineg
structures and properties stimulate enormous interests in a wice
range of fields, from solid-state physics to chemistry ar «
nanotechnology very recently. However, the research on silve,
nanoclusters was seriously hampered by the synthesis an.
identification difficulties, thus, the development of new
synthesis strategy is of major importance. It is known that son .
other nanomaterials °” *' as well as silver nanoclusters® **~
exhibit potential as fluorescent probes. Although AuNP-base .
colorimetric assays™ and colorimetric response of few-aton.
silver nanoclusters to organics®® have been previously reporte
however, silver nanocluster as colorimetric ion probes have ..
been reported by now to the best of our knowledge. The
development of colorimetric silver nanocluster probes should
be preferentially considered, given lots of virtues of th :
analytical method such as the operation facility and simplicitv
high accuracy and reproducibility, and low cost and easv
miniaturization of UV/vis/NIR absorption spectrophotometer.’
In this work, we present a fast (30 min), high-yield
synthesis of silver nanoclusters protected by captopril. Tt »
nanoclusters are well-defined based upon characterization bv
UV/vis/NIR absorption spectrometry, polyacrylamide gl
electrophoresis (PAGE), electrospray ionization mass
spectrometry (ESI-MS), thermal gravimetric analysis (TGA .
etc. A very interesting finding is the good solubility of silver
nanoclusters in a wide range of solvents, which is of gre ¢
importance for application and has not been reported previously
in nanocluster research to the best of our knowledge. .
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promising application related to the as-prepared silver
nanoclusters is the selective and sensitive sensing of notorious
Hg*". Even ~6 ppb levels of mercury in environmental samples
(for instance, lake water) can be detected, indicating the
potential of Ags, nanoclusters as a colorimetric probe. The

sensing mechanism was also investigated.

Experimental

Synthesis

The
temperature under air. First, AgNO; (85 mg, 0.50 mmol) was

synthesis of Ag;)Capt;g was carried out at room
dissolved in 25 ml deionized water, and captopril (141 mg, 0.65
mmol) was added, forming a yellow-green solution. Then,
NaOH (55 mg, 1.38 mmol) was added to adjust the pH value to
~11. The stirring speed was ~500 rpm. Then a freshly made 5
ml aqueous solution of NaBH, (189 mg, 5.00 mmol) was
slowly added dropwise. The solution gradually turned from
pale green to dark green, and finally deep brown. The reaction
was allowed to age for 25 min. The crude clusters were
precipitated by 3-fold ethanol. Further purification was carried
out by extracting the precipitate with minimum amounts of

water 3~4 times and precipitating again by ethanol.

Characterization

High-resolution transmission electron microscopy (HR-TEM)
images were recorded using an electron microscope operated at
200 kV (JEM-2010). Electrospray ionization (ESI) mass
spectrometry (ESI-MS) was performed using a Waters Q-TOF
mass spectrometer equipped with a Z-spray source. UV-Vis
absorption spectra of the clusters were recorded in water at the
ambient temperature on a UV/Vis/NIR spectrophotometer
(Shimadzu, UV2550). Thermal gravimetric analysis (TGA) (~ 3
mg sample used) was conducted in a N, atmosphere (flow rate
~ 50 mL/min) on a TG/DTA 6300 analyzer (Seiko Instruments,
Inc), and the heating rate was 10 °C /min. '"H, HSQC, COSY
NMR spectra of AgNCs were recorded in D,O with
concentration of 5.7 wt % at 27 °C on a Buker Avance 400
NMR spectrometer. Polyacrylamide gel electrophoresis (PAGE)
in acrylamide gels (15%, 20%, 25% monomer and 5% cross-
linker) in a tris(hydroxymethyl)aminomethane base buffer of a
pH~8 was used for AgNC purity monitoring.

Colorimetric Detection

Ultrapure water was used as received. The lake water was taken
from Shushan lake near Heifei city on September 22, 2014 and
was filtrated through a membrane filter (0.22 um) prior to use.
The soil was obtained from west dwelling district of Kexue
island in Hefei on September 22, 2014. Soil solution was
prepared as follows: first, soil sample was heated in an oven at
80 °C for one hour, secondly, 1 g of the dried soil sample was
weighted into a vial and mixed with 8 ml of 1 M aqua regia.
After ultrasonication for 10 min, the resulting extracts were
centrifuged and diluted 100 times using ultrapure water, then
tune the pH value to ~10, finally filtered using 0.22 pm

membrane.>®
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The pH values of all the samples with various cations were
adjusted to ~10. Then the concentrated Ags, solution was added
into the analyte sample with a final concentration of 3.0 uM.
The aqueous solutions of Ag nanoclusters and Hg®" wit"
different concentrations were mixed, then equilibrated for 1u
min before the spectral measurements. The mixed catic
samples were prepared using 20 mM salt stock solutions.

Results and discussion

Synthesis and Characterization

The present approach to prepare AgNCs is very facile (detai’
in the Experimental Section) and similar to the previou
reports.”” ® Briefly, in a freshly prepared water solution ¢_
AgNO; and captopril, appropriate amount of NaOH was adde
to tune the pH value to ~11. NaBH, dissolved in ice cold wate~
was slowly added to the aqua mixture under vigorous stirring
After ~15 min, the characteristic optical absorption peaks of
silver nanoclusters appeared and reinforced in the next 10 mi»
(Fig. S1). Then the clusters were precipitated out by 3-fold
(volume) ethanol. The crude product was subjected
purification by recrystallization in EtOH/H,O for 3-4 tin -
The purity of the product was evaluated by polyacrylamide gel
electrophoresis (PAGE) analysis. The crude product shows 2*
least two major bands (one brown band and one pale yello -
band, see Fig. 1(a)), indicating the existence of impurities (Fig.
1 A, inset a), while the purified clusters show only one wel -
defined band in different operation conditions (Fig. 1 B and C),
indicating a higher purity. The reaction can be readily scaled up,
and we obtained ~1.0 g pure clusters by a 10 times scale-u ,
with a yield of 74%.

I BU TR

................. i .

LRI ETIN

"15% 20% 25% 1h 2h 3h

Fig. 1 (A) PAGE analysis of the crude Ag clusters (a) and purified Ag clusters (b)
with increasing loading amount of Ag clusters from right to left; PAGE analysis < .
the purified Ag clusters in acrylamide gels with different monome
concentrations (B) and running times (C).

As we know, the thiolate (ligand) plays an important role 1
protecting silver nanoclusters. Thereby, the stability of the
ligand needs to be primarily taken into consideration in th
design of novel nanocluster synthesis. Glutathione, =2
multidendate ligand, was regarded to be a good stabilizer an 1
widely used to protect gold or silver nanoclusters.®'
Nevertheless, Kumar et al. recently reported that glutathionc -
protected Au,s exhibits somewhat less thermal stability
compared to the captopril-protected Au,s, which indicates th: ¢
captopril may be a better protecting ligand for metal clusters.'

Besides, captopril is an effective Angiotensin-I convertir ;

This journal is © The Royal Society of Chemistry zuiz
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enzyme (ACE) inhibitor and has been widely employed to treat
high blood pressure, heart failure, and
disease.® favorable property of

congestive
cardiovascular Another
captopril involves the good solubility in various solvents. Thus,
employing captopril as the protecting ligand to prepare silver
nanoclusters could be a good choice.

OH

-—{L_G NaOH, - Ag-captopril ) -

pH-11  COMPIEXES vy 740,

30 min

Stable Ag,,

Fig. 2 Schematic illustration of the postulated formation of Agso(Capt)is NCs.

;ﬁ\gN{J3

The tuning of pH value of the reaction mixture before the
addition of NaBH, is very important in this reaction, too, which
influences the kinetics of the reaction by slowing the reducing
of NaBH, and strengthening the binding of Au-thiolate.”* ®*
The reaction temperature can influence reaction rate greatly: At
0 °C, the reaction took about 6 hours to achieve the yield of
~74%; while at room temperature, the reaction can be
completed in ~30 min as stated above. Higher temperature (e.g.
40 °C) contributes little to further improvement of the yield.
Thus room temperature is adopted for this reaction. One
remarkable virtue of this synthesis method compared with
previous size-focusing processes? is the very short reaction
time (30 min), due to that the as-prepared clusters is both
kinetically and thermodynamically favorable. Other virtues like
high purity and high yield (74%) are attractive not only for
The
summary of the synthesis information in this work and some
reported work is showed in Table S1. Compared with the
previously reported methods, strategy offers facile
operation (carried out at room temperature under air), short
time (30min) and good yield (74%) for the synthesis of silver
nanoclusters.

research purposes but also for practical applications.

our

Absorbance

— AgNC
~ — — AgNC+Hg"

I ' I ! I ! I N I ! 1 ! I !
300 400 500 600 700 800 900 1000
Wavelength (nm)
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Fig. 3 UV/vis/NIR spectrum of the pure product in water (solid line) and in the
presence of 2 uM ng" (dash line), inset shows the TEM image of Ag clusters
(scale bar = 20 nm) and the photo of 1.0 g Ag nanoclusters and the ruler.

The aqueous solution of the as-prepared captopril-protec’
Ag clusters exhibits three prominent peaks (335 nm, 493nm
660 nm) and three shallow peaks (215nm, 415nm, 550nm) i.
UV/Mvis/NIR spectrum® ® (Fig. 3). The clusters appeared a<
tiny dots in the transmission electron microscopy (TEM) imag :
(inset in Fig. 3 and Fig. S2), with a uniform size of ca. 1.2 nnu,
which aggregate to form nanoparticles (2~5 nm) after longc -
time of electron beam irradiation.

[Ag, (Capt), -TH]"
2373.79

stimulate

T T T T T T
2370 2372 2374 2376 2378

[Ag,,(Capt) -6H]"
3561.67

1500 2000 2500 4000

m/z

3000

3500

Fig. 4 ESI mass spectra (in negative ion mode) of the as-prepared silver
nanoclusters, inset shows the isotope patterns of [Agso(Capt);s-7H]>.

The precise composition determination is very challengin ,
due to the unstability of silver nanoclusters. Besides, the
isotopic distributions are complicated significantly by the twe
abundant naturally occurring silver isotopes, '“’Ag and ', _
in addition to carbon and sulfur isotopes. By now, only a few
nanoclusters have been precisely characterized by high-
resolution mass spectrometry. Fortunately, in this work, tk :
silver cluster is successfully identified by electrospray
ionization mass spectrometry (ESI-MS) partly due to the
stability of the as-prepared nanoclusters. In the ESI-M
spectrum, the most abundant peak is found at m/z 2373.79 Da
and the spacing (0.33 Da) of the isotope peaks indicates that tt
ionized cluster bears a 3- charge. It can be readily assigned to
the formula [Ags(Capt)s-7H]> (expected: 2373.78 D ;
deviation: 0.01 Da; Capt represents the thiolate form ot
captopril) based on the high performance of our MS facilif -
(error < 5 ppm at M/Z = 1000, external calibration). 7 protons
rather than other numbered protons from the mother ion is los ,
may due to the stability of the eight-electron shell closing
structure of [Agso(Capt)ig-7H]* (n"=Nvy—M—-Z=32%1-18—(7
3)=8).5>%® The assignment is further supported by the excellen.

J. Name., 2012, 00, 1-3 | 5
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agreement of the simulated and experimental isotopic
distributions (Fig. 4, inset), together with the detecting of a
distinct peak at M/Z 3561.67 assigned to [Agso(Capt);s-6H]*
(for the comparison between simulated and experimental
isotopic distributions, see Fig. S3). Thermogravimetric analysis
(TGA) provides another support for the assignment: A weight
loss of 54.0 wt % is consistent with the value expected for a
formula of Agso(Capt);g (54.6 wt %) (see Fig. S4). To be noted,
slight fragmentation or adduction of the mother ion are also
found around the base peak, and they can be well assigned
(Table S2).

‘ _ A N _2'-'3, 1
/ A 2 ¥/ N

7 6 4 o 3 ’I\ j\l*

A A A AN L T

4.8 4.4 1 4.0 3.6 3.2 28 24 2.0 16 1.2
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Fig. 5 'H NMR spectra of Agso(Capt)is nanoclusters (A) (peaks marked with * at
3.6 ppm and 1.1 ppm are due to residual EtOH) and free captopril (B), HSQC
spectrum (inset shows the enlarged pattern of [4, 4’] split) (C) and COSY
spectrum (D) of Agso(Capt)ig nanoclusters. Solvent: D,0.

The thiolated
nanoclusters, as opposed to gold analogues, are rarely known.

atomic packing structures of silver
For mono-thiolated silver nanoclusters, the structure of Agyy
was recently unravelled by Desireddy et al.** Single crystal
structure of of Ag;o(Capt);s (abbreviated as Agsg) is still not
attained until now due to the difficulty in growing high-
qualified single crystals for X-ray diffraction analysis. Nuclear
magnetic resonance (NMR) spectroscopy, which provides
important structure information in our previous work,” is
employed to probe the nature of the staple motif on the cluster
surface. First, the protons were fully assigned based on the 1D
NMR and homonuclear correlation spectroscopy (COSY), see
Fig. 5A, B and D (for convenience, the carbon atoms in
captopril are labeled with numbers 1-7 from upfield to
downfield). Note that the chiral carbons C5 and C7 cause the
splitting of Hy and Hj signals, respectively. Herein, Hy is the
focus of attention since it is adjacent thus sensitive to Ag-S
binding. Interestingly, the chirality-induced splitting [4, 4°] is
further divided into three pairs of peaks connected to three

4| J. Name., 2012, 00, 1-3

different carbon atoms (33.5 ppm, 35.2 ppm and 36.2 ppm,
respectively) in heteronuclear single quantum correlation
(HSQC) spectrum, see Fig. 5C, which indicates that there are
three types of chemically distinct thiolate-silver binding mode
To be noted, the three pairs of peaks are overlapped and barelv
discernible in 1D NMR and 2D COSY, thus it is difficult 1»
know the quantitative ratio of the peak areas. Nevertheless, the
qualitative determination of the three pairs of the peaks
provides important information to conceive the staple mot’
type on the cluster surface. Definitely, the complete -[RS,—Ag
Sp(R)—Ag—S,R]- staple can be ruled out since it will result i.
two pairs of peaks in 2:1 ratio for —S,R and —SyR, as analyze
in our previous report;"” the monomeric —[RS,~Ag—S,(R)]
staple can also be ruled out, since it would result in only or
pair of peaks. The novel staple type Ag,(SR)s found in Agyy i~
also impossible since it would lead to three pairs of peaks in -
1:2:2 ratio (in our case, the ratio is roughly 1:2:1 from tho
HSQC spectrum); other complete staple types like Agi(SR)as
Ag4(SR)s, Ags(SR)¢ can also be excluded due to all of thei
would produce splits distinctly different from the experimental
results in this work. One possibility is a combination .
different staple types, for instance, a combination of -[RS,—/ -—
S.R]- and -[RS,—Ag—S,R—Ag-S,R]- staples. Of course, there
are other possibilities. For the exact structure, it remains tc he
determined in future work.

Table 1. Solubility of Ags, in various solvents (acetic acid 20% by volume,
25°C)

Solvent Solubility (g/L) Description
water ¥ >1000 Excellent
Methanol ¥ 31.3 Good
ethanol 28.8 Good
propanol 20.8 Good
butanol 224 Good
DCM 20.0 Good
chloroform 24.0 Good
acetonitrile 3.6 Good
toluene 0.8 Poor
acetone 4.0 Good
THF 8.0 Good
dioxane 5.6 Good
ethyl acetate 0.5 Poor
DMF 19.2 Good
DMSO 95.6 Excellent

 no addition of acetic acid

Solubility performance

The solubility importance fc
characterization and potential application in a range of fiela

of nanocluster is of

such as biomedicine and -catalysis. Desireddy et al hav-
reported that water-soluble Agy, can be transformed to DM *
after protonation with acetic acid. Herein, we found that th-
freshly prepared Agsz, can only dissolve in fewer solvents suc

as water and methanol, however, the protonation of the
carboxylate (e.g., by 10% v/v acetic acid) greatly enhances th
solubility, and leads to good dispersion of Ags in a large range
of solvents of various polarity such as ethanol, aceton ,

This journal is © The Royal Society of Chemistry zuiz
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acetonitrile, dichloromethane and ethyl acetate. The solubility
change process is showed in Fig. S5. For the summary of the
solubility of Agzo in various solvents, see Table 1. The
dispersion of Agjz, in various solvents is attributed to the
excellent solubility of protonated captopril ligands. It is well
known that water-soluble NPs/NCs facilitate their application
in biological and medical fields, while the addition of
hydrophobic feature to NPs/NCs allows for the superior
penetration through the cellular membrane and nuclear pores.*™
70 Another promoting aspect of NPs/NCs derived from their
solubility is catalysis. More reactions in various solvent
systems can be catalyzed by the NPs or NCs with universal
solubility.”" 7> In a word, the good solubility of Ags, will be
greatly beneficial to their applications, and some of the related
research are underway in our group.

Colorimetric Detection of Hg?*

The solubility and molecule-like UV/vis/NIR
absorption remind one that it may be employed as a
colorimetric probe for heavy metal ions. Hg®" receives
extensive attention due to its high toxicity and wide-range
contamination in environment.”’ Thus, we have primarily
investigated the possibility of sensing Hg>* by Ags,. Indeed, the
addition of Hg”" instantly (a couple of seconds) shows effects
in the UV/vis/NIR spectrum of Ags,, even trace Hg?" can lead
to a notable decrease of the absorbance, see Fig. 3 and Fig.S6.

interesting

0.6 os
]
0.6 oo
0.5
0.4
0.4 1 0.24 O ultrapure water R'=0.998
= . p O lake water R=0.998
= 03 ood & ;;ﬂ;:r:;:llonn:u.sss
s o 1z 3 4 s
=~ 0.2 C . (10°M)
0.1+
0.0 -

lake water
soil solution

Fig. 6 Absorbance response at 493 nm of Ags, to various cations. The bars
represent the (lo-1)/l, values: blank, without any analyte cations; Na* to ng", 2
uM for each cation; mix-0: mixed ions, 10 uM for each cation; mix-1: mixed ions
+Cu®", 2 uM for Cu and 10 uM for each other cation; mix-2: mixed ions + Hg”",
2 uM for Hg™ and 10 uM for each other cation; mix-3 mixed ions + Hg”" + Cu®*, 2
uM for each cation. The inset shows a plot of (lp-1)/I, versus the concentration of
Hg”". (Mixed ions includes these cations: Na*, K, Ca®*, Mg®", Ba®*, Ccr*", Fe*', Fe™,
co®, Ni**, zn*, cd®, Pb™).

A systematic study reveals that the concentration of Hg?" is
linear with the intensity ratio lo/l in a wide concentration range
from 10 nM to 2.5 uM, see Fig. 6 inset. Herein, |y represents
the of Ag;, solution at 493
(corresponding to the maximum absorption peak), and |

initial absorbance nm

This journal is © The Royal Society of Chemistry 2012
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represents the absorbance after the addition of Hg®". The
detection limit is as low as 30 nM based on the formula: S;- Sy
> K4o(S; is the analyte signal, Sy, is the blank signal, a value of
3 for Ky is recommended, o is the standard deviation of tt :
blank sample).”® To investigate the selectivity of Agy, to Hg?
various metal ions were tested. It is found that the addition ¢ £
other 13 metal ions (including Na*, K*, Ca®*, Mg**, Ba*", Cr°,
Fe**, Fe*’, Co®", Ni**, Zn®*, Cd*" and Pb**, 2 uM) results in
negligible or only slight change of the absorbance, even tt
coexistence of the 13 metal ions in higher concentration (10 pbd
for each cation) only causes a less than 3% decrease of I, 1.
striking contrast to the case of Hg** (46% decrease, for a lowe
concentration 2 uM). Interestingly, the coexistence of all th
other 13 metal ions (10 uM for each cation) doesn’t interfer
with the detection of Hg®" (2 uM) at all, see Fig. 6 and Fig. S7
These results demonstrate that Agsy has excellent selectivity t~
Hg*" over the above investigated metal cations.

054 A
0.4
0.3-

0.2+

(-1,

0.1

0.0

o -
-
o
-
(4]
(]
o
L4
(4]
L
o
©
v

IJ,4- B

0.3

0.2 4

(-1,

0.1 4

0.0 T - T

M M+Cu®™  M"+Hg® M'+Cu®+Hg*

Fig. 7 (A) Absorbance response at 493 nm of Ags, to ng* and cu®* with changii 3
incubation temperature. (B) Absorbance response at 493 nm of Ags, to mixeu
ions at 10°C. M": mixed ions includes Na*, K*, Ca*", Mg”*, Ba®*, cr®*, Fe*', Fe?",
Ni**, zn®*, cd®, Pb®*; M* + Cu®: 2 uM for Cu®* and 10 pM for each other catiop:
M" + Hg”": 2 uM for Hg®* and 10 uM for each other cation; M* + Cu™ + Hg*": 2 u 1
for Cu®*, Hg>" and 10 uM for each other cation

However, the co-existence of free Cu®' (i.e. withou.
masking) has some interfere to the accurate determination ¢.
Hg®" concentration, see mix-3 in Fig. 6. Interestingly, lowering
the incubation temperature can remarkably improve th.
selectivity of Agy, to Hg®' due to that the sensing of Cu-
(compared with Hg®") are less sensitive in low temperature. Fc
instance, in 10 °C, detectable change of absorption of Agsz, we
not observed when exposed to 2uM of Cu®*". A systematice’
comparison between Hg®" and Cu?* among the temperatui -

J. Name., 2012, 00, 1-3 |
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range from 5 to 35°C was presented in Fig. 7A. At low
temperature, other ions also have no interference to the sensing
of Hg?" by Ags, see Fig. 7B. Therefore, Agy, can selectively
sense Hg”>" even in the presence of Cu®" and other mentioned
cations under low temperature (e.g. 10 °C). Herein, the low-
temperature masking (LTM) method, which is not reported
previously to our best knowledge, is rather facile and could be
extended to other sensing systems for the masking of
temperature-dependent interference. The compositions of
practical environmental samples are far more complex than that
of mixed ions. The sensing of Hg*" in environmental samples
(including lake water and soil solution) was investigated and it
is surprisingly found that the colorimetric probe can be applied
in detecting low concentrate Hg”" down to 30 nM (6 ppb) (with
a deviation of 6.2%) in lake water, see Fig. 6 and S8, indicating
the great potential of Ags, for practical assay of Hg®". To be
noted, dramatic measurement deviations for the same sample (6
ppb Hg?" in lake water) were found when employing some
(2600%
fluorescence spectrometry(AFS); 62% deviation for inductively

conventional methods deviation for atomic
coupled plasma mass spectrometry (ICP-MS)).

A question naturally arising is what the sensing mechanism
is. The fact that the addition of ethylene diamine tetraacetic
acid (EDTA) does not lead to the recovery of absorbance of
Agso (see Fig. S9 and S10) excludes the possible binding of
Hg®" with the ligands or silver core of Ags,. The intrinsic
mechanism may be related to the recently reported anti-

galvanic reduction (AGR).”*7°.

During the process of ion
detection, Hg*" (or Cu*") can oxidize Ags, thus resulting in the
decrease of absorbance; while the other investigated metal
cations can not due to the limited oxidation capability (several
standard reduction potential of M*"/ MY'(x>y) in alkaline
solution are showed as follows: Hg>'/Hg, 0.0977 V; Cu**/Cu", -
0.080 V; Fe’'/Fe*', -0.56 V; Pb>"/Pb, -0.580 V; Ni**/Ni, -0.72
V; etc”’). Indeed, the XPS analyses revealed that Hg** and Cu?**
(unlike Ni** and Pb*") were reduced after mixed with Agy, in
30 °C (Fig. S11). The temperature-dependent response of Agj
to Cu*" can also be well explained by the sensing mechanism,
that is, the oxidation-reduction between Ag;, and Cu®" is
temperature-dependent and proceeds slowly (or difficultly) at
low temperature due to the weak oxidability of Cu** compared
with that of Hg?". The facts that other common oxidants such as
H,O, and KMnO, can cause the prompt decrease of Ags,
absorbance at 493 nm also provide evidences for such a
mechanism (Fig. S12). The almost unchanged size of Ag,after
reaction with Hg®" excludes the possibility of Hg®'-induced
aggregation or discomposing of Ags, (Fig. S13).

Conclusions

In summary, we have succeeded in fast (30 minutes), high-yield
(74%)
precisely determined by ESI-MS, and the structure was probed
by 1D and 2D NMR. One interesting finding is that the clusters
after protonation can dissolve in water and a large range of

synthesis of Agzo(Capt);s. The composition was

organic solvents with various polarity such as ethanol, acetone,

6 | J. Name., 2012, 00, 1-3

acetonitrile, dichloromethane and ethyl acetate. Such a property
imparts Ag;o(Capt);g a great merit for potential application.
Very importantly, by sensing ~6 ppb levels of Hg®" in the
environmental samples it is demonstrated that Agsq can be
potential colorimetric probe for Hg>". For the first time, a LTM
method was developed to mask the interference from othc -
cations. The sensing mechanism is confirmed to be related to
the anti-galvanic reduction. Our present study represents a
significant step forward in the synthesis and application ¢

atom-precise silver nanoclusters and will provide som
references for the future research and practical applications o¢."

silver nanoclusters.
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