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Abstract Selective determination of Ag(I) ion was accom-
plished based on the red-shift of the emission band of
quantum dots (QDs). Under optimal conditions, a linear
relationship does exist between the red-shift of the emission
and the concentration of Ag(I) in the range from 1.0x107’
to 1.5x107° mol L_l, with a detection limit of 5.0x10°®
mol L™'. The method has been successfully applied to the
determination of Ag(I) ion in water samples. The possible
reaction mechanism was investigated by ultraviolet—visible
absorption, fluorescence, Raman spectroscopies and by
high resolution transmission electron microscopy. The
results suggest that the red-shift in emission be attributed
to the stabilization of a charge-transfer state, but not due to
the aggregation induced by Agl(I) ion.

Keywords Quantum dots - Fluorescent sensor -
Ag" - Red-shift

Introduction

During the past two decades, the development of metal ion
fluorescent sensors continues to grow at an unbated pace
[1]. So far, there have been several reports on optical based
detection of metal ions using fluorescent small molecules
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(organic dyes) [2]. However, most of them usually suffer
from serious drawbacks such as weak signal intensities and
photobleaching. Furthermore, these dye small molecules
tend to display a narrow excitation followed by a broad
emission band with red tailing [3, 4].

Quantum dots (QDs, also known as semiconductor
nanocrystals) have attracted great interest in developing
fluorescent sensors for metal ions owing to their unique and
fascinating optical properties [5, 6]. Up to now, several
groups have employed them as ion probes [7—18]. Chen’s
group first utilized CdS QDs modified with different
organic ligands for the determination of Cu®" and Zn*" in
aqueous media [7]. Subsequently, Gattas-Asfura and co-
workers demonstrated that the fluorescence intensity of
peptide-coated CdS QDs was reduced selectively in the
presence of Cu®" and Ag" [8]. And then, a chemodosimeter
for Ag" was designed in the system of BSA absorption on
the CdSe QDs modified with thioglycolic acid (TGA) [9].
Recently, our group reported a novel method for the
determination of Pb*" based on the quenching of the
fluorescence of CdTe QDs [13], and was successfully
applied to the analysis of Pb?" in food samples. These QDs
based sensors mainly focus on the specific surface ligands
for sensing different metal ions, as well as the great
fluorescence intensity and stability against photobleaching.
However, the ligand functionalized process is time-
consuming and laborious, and in many cases, ligands
disturb detection sensitivity and selectivity. Additionally,
lack of selectivity is the major problem reported for some of
the procedures proposed and most of sensing mechanisms
are based on quenching or enhancing of fluorescence
intensity of QDs.

In the present work, we report a new and simple method
for selective detection of Ag" based on the red-shift of
emission wavelength of QDs in aqueous media. As
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expected, the experimental results show that the red-shift of
emission wavelength is linearly proportional to the concen-
tration of Ag" with high sensitivity and selectivity, other
potentially interfering ions, including Cu®" and Hg”", can
hardly cause extra red-shift of emission wavelength in the
present of Ag’. Unlike the previous approaches for
detection of metal ions by quenching or enhancing of
fluorescence intensity of QDs, we have demonstrated a red-
shift of emission wavelength based CdTe QDs probe. To
the best of our knowledge, this describes the first example
to detect metal ions based on the red-shift of emission
wavelength of QDs. The present method is successfully
applied to the determination of Ag' in water samples. In
addition, the possible red-shift of emission wavelength
mechanism is also described.

Experimental
Apparatus

The ultraviolet—visible (UV—vis) absorption spectra were
acquired on a Thermo Nicolet Corporation Model
evolution 300 spectrophotometer (Nicolet, UK, http://
www.nicolet.co.uk/) coupled with a 1.00 cm quartz cell.
The fluorescence spectra were performed on a Perkin
Elmer Model LS-55 luminescence spectrometer (Perkin
Elmer, USA, http://www.perkinelmer.com/) equipped with
a 20 kW xenon discharge lamp as a light source. The
excitation wavelength was 380 nm. The slit width for
excitation was 15 nm and the slit width for emission was
2.5 nm. Dilute solutions of QDs in aqueous medium were
placed in 500 pL quartz cuvettes and their corresponding
fluorescence was measured at room temperature. The
Raman spectra were performed with an inVia Raman
spectroscopy system (Renishaw, UK, http://www.
renishaw.com/en/6150.aspx/), equipped with a He—Ne
laser excitation source emitting wavelength at 633 nm.
The high resolution transmission electron microscopy
(HR-TEM) images of the QDs were acquired on a JEM-
2010FEF transmission electron microscope (Jeol, Japan,
http://www.jeol.com/).

Reagents

Acetone, 3-hydroxymethyl-methane (Tris), hydrochloric
acid, sodium chloride and sodium hydroxide were pur-
chased from Shanghai Boao Biotechnology Co, Ltd
(Shanghai, China, http://biotechnologycoltd.itm.com.cn/).
CdCl,-2.5H,0 (99.0%), tellurium powder (99.99%) and
NaBH, (96%) were obtained from Tianjin Chemical
Reagent Plant (Tianjin, China, http://www.reagent-1.com/
product en/product2e.htm). The 0.1 mol L™ phosphate
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buffer solutions (PBS) were adjusted by changing the ratio
of Na,HPO, to NaH,PO, and the 0.1 mol L' Tris-HCI
buffer solutions were adjusted by changing the ratio of Tris
to HCl. TGA was obtained from Sinopharm Chemical
Reagent Co, Ltd (Shanghai, China, http://www.reagent.
com.cn/corporation/infoDetail.asp?dInfold=136). All other
reagents were of analytical grade and doubly deionized
water was used throughout.

Preparation of TGA-capped CdTe QDs

The TGA-capped CdTe QDs were synthesized according to
the method reported previously with minor modifications
[19]. Tellurium powder was used to prepare NaHTe
aqueous solution. Briefly, 25.0 mL 0.01 mol L' CdCl,
was transferred to a 100 mL flask bubbled with N, for
30 min. Subsequently, this solution was mixed with 0.1 mL
TGA at N, atmosphere. At this point, the pH of the mixture
was adjusted to 11.0 by dropwise addition of 1.0 mol L'
NaOH solution. Then NaHTe aqueous solution was injected
into the above mixture swiftly. Finally, 25.0 mL this
mixture kept heating at 100 °C under vigorous stirring for
30 min. The crude products were precipitated by acetone
with centrifugation at 8,000 rpm for 5 min. The resultant
precipitate was redispersed in doubly deionized water, and
then kept in dark at 4 °C for further use.

Standard procedures for spectrofluorometric detection
of Ag"

In a 5.0 mL calibrated test tube 1.0 mL 5.0x10® mol L™
TGA-capped CdTe QDs solution was added and certain
amounts of Ag" were sequentially transferred. The mixture
was then diluted to volume with doubly deionized water
and mixed thoroughly. The red-shift of emission wave-
length of the prepared colloidal solution was recorded with
the excitation wavelength of 380 nm.

Results and discussion
Characterization of water-soluble TGA-capped CdTe QDs

A typical UV—vis absorption and fluorescence spectra for
the TGA-capped CdTe QDs are shown in Fig. 1. Acoording
to the UV—vis absorption peak (496 nm), the size of QDs is
estimated as 2.2 nm [20, 21]. In addition, Fig. 1b displays
obvious and symmetrical fluorescence emission spectra
with an emission maximum at 530 nm. It could be seen that
the full-width at half-maximum (fwhm) of the fluorescence
spectra is narrow, which indicates that the as-prepared CdTe
QDs are nearly monodisperse and homogenous. The TGA-
capped CdTe QDs are futher characterized by HR-TEM
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Fig. 1 UV-vis absorption spectra (a) and fluorescence spectra (b) of
TGA-capped CdTe QDs solution (1.0x107¢ mol L™")

(Fig. 2a). The results show that the CdTe QDs possess
good crystalline structures, and the size of QDs is
consistent with that calculated from the absorption spectra.
The HR-TEM image (Fig. 2b) reveals the QDs are also
monodiserse with slightly increasing on particlesize after
adding 1.0x10* mol L™" Ag".

Effect of reaction time

Initial experiments demonstrate that the reaction between
TGA-capped CdTe QDs and Ag" is completed within 5 min
and the fluorescence signals are stable for more than
30 min. The experimental data were recorded after the
reaction lasted for 15 min.

Effect of pH

The effect of pH on the red-shift of emission wavelength of
QDs has been carefully investigated. As shown in Fig. S-1
(Electronic Supplementary Material), with increasing Ag"
concentration, the red-shift of emission wavelength of
TGA-capped CdTe QDs first increase and then decrease,
and the maximum change of red-shift occurred when pH is

Fig. 2 HR-TEM image of
TGA-capped CdTe QDs solu-
tion (1.0x10® mol L") before
(a) and after (b) adding Ag”
(1.0x10™* mol L™

close to 8. Although the red-shift in optimum pH buffer
solution is near to that in the pure aqueous solution at the
same concentration of Ag", it is found that the relative red-
shift of emission wavelength of TGA-capped CdTe QDs
and the corresponding concentration of Ag' are not
proportional in both the PBS solutions (Fig. S-2) and
Tris-HCI buffer solutions (Fig. S-3). However, a good
linear relationship is observed in the pure aqueous solution
(Fig. 3b). So, the pure aqueous solution was recommended
for use.

Effect of TGA-capped QDs concentration

In order to acquire the highest linear correlation coefficient
and the widest linear range on this system, the influence of
the concentration of TGA-capped CdTe QDs on red-shift of
emission wavelength of TGA-capped QDs was studied.
Due to the optimal concentration of CdTe QDs can not be
determined only by comparing the change of the red-shift,
so the linear equations of three different concentrations of
CdTe QDs are integrated to choose the optimal concentra-
tion of CdTe QDs. As shown in Table S-1, three different
linear relationships under different concentrations of TGA-
capped CdTe QDs are obtained. For a compromise between
linear correlation coefficient and the linear range, 1.0x
10 mol L' TGA-capped CdTe QDs solution was
recommended.

Calibration and sensitivity

On the basis of the aforementioned experimental results, the
fluorescence spectra of TGA-capped CdTe QDs under
different concentrations of Ag" were recorded at optimum
experimental conditions. The results are shown in Fig. 3.
The first observed fluorescence wavelength centered at
530 nm, with the addition of different concentrations of
Ag" solutions, the fluorescence emission peak shifted to
longer wavelength gradually. From the results obtained so
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far, an expression that relates Ag" with fluorescence emission
wavelength maximum can be written as following:

y =alAg"] +b

Table 1 Effect of potentially interfering ions on the red-shift of
emission wavelength

Interfering ions  Concentration Red-shift of the emission

(10 °molL ") wavelength (nm)

Hg*" 100 9.72
Cu** 100 3.19
Fe¥* 100 0.65
K* 100 0.52
Ca* 100 0.3

Na® 100 0.29
Co** 100 0.04
NiZ* 100 -0.03
Mn?>* 100 -0.25
Ba®" 100 -0.46
Pb** 100 -0.49
Zn*" 100 -0.57
Mg** 100 —0.89
crt 100 -1.82
COs>~ 100 -0.05
S04~ 200 -0.13
SOs* 200 -0.22
NO5~ 100 -0.31
cr 200 0.43
I 100 0.56
Br 100 0.78

@ Springer

Wavelength (nm)

Y is the red-shift of emission wavelength of the TGA-
capped CdTe QDs in presence and absence of Ag', [Ag']
represents the equilibrium concentration of Ag’, a is the
slope of the calibration curve which could be calculated by
standard curve, and b is the intersection at the y axis. A
very good linear relationship (R*=0.9942) is observed up to
Ag" concentration ranging from 1.0x107 to 1.5x
10~ mol L' (Fig. 3b), and the detection limit is 5.0x
10°¥ mol L™".

Effect of potentially interfering ions

Following the traditional procedure, the fluorescence
spectra of TGA-capped CdTe QDs with various potentially
interfering ions were conducted to examine the selectivity.
As shown in Table 1, the interference of alkali, alkaline

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)
Fig. 4 UV-vis absorption spectra of TGA-capped CdTe QDs solution

(1.0x10°° mol L") before (a) and after (b) adding Ag" (1.0x
10* mol L")



A novel strategy for selective detection of Ag”

285

40000

=

s b
£ 30000

4

g

E

= 200007 [}
£

<

& 10000-

300 400 500 600 700 800
Raman shift (cm")

Fig. 5 Raman spectra of TGA-capped CdTe QDs solution (1.0x
107° mol L") before (a) and after (b) adding Ag" (1.0x10~* mol L™")

earth ions, C02+, Mn?" and NiZ* are very weak. Cd2+,
Mg**, Zn**, Pb*" and Ba®" have a relative fluorescence
wavelength blue-shift effect on TGA-capped CdTe QDs at
relative higher concentration. Cu®", Hg*" also reveal certain
red-shift on TGA-capped CdTe QDs fluorescence wave-
length; however, when the same concentration of Cu*" or
Hg”" are added in the QDs-Ag" system, it is found that the
red-shift of emission wavelength of TGA-capped CdTe
QDs has no obvious increment in comparison with the red-
shift caused by Ag” (Fig. S-4). At these conditions, the red-
shift may be mainly attributed to the interaction between
Ag" and QDs, and the effects of Cu®" and Hg*" on red-shift
are ignored. Halogen anions, CO;>7, S04, SO3%, NO5~
etc. familiar anions have hardly effect on QDs fluorescence
emission wavelength. The obtained results demonstrate that
this approach has a better selectivity.

Mechanism of reaction

Investigation of the reactions of CdTe QDs with Ag" have
attracted much attention in the past few years. Several
mechanisms were proposed to explain the process of Ag"
enchaning or quenching fluorescence of QDs [22-26], for
example, Dong and co-workers suggested that Ag" formed
bonds with Te on the QD surface[23]. On the other hand,
Son [22] and Leung [24] reported cation exchange between

Scheme 1 Process of reaction
between Ag” and TGA-capped
CdTe QDs solution

Table 2 Analytical results of the water samples with proposed
method (n=5)

Samples Ag" added Ag" founded  Recovery  RSD
(wmol L™h)  (wmol L) (%) (%)

Mineral water 1.00 1.04 101-108 2.32

8.00 8.06 99-104 1.44

Pond water 1.00 1.06 102-109 2.27
8.00 8.10 99-104 1.31

Ag" and Cd*" on CdTe tetrapods and CdSe QDs surface,
respectively. In our experiment, whether or not the reaction
involving AgTe structure which was formed on the surface
of QDs was validated through the UV-vis absorption
spectra (Fig. 4) and Raman spectra (Fig. 5). Firstly, it is
found that the slight increment in the absorbance of the
CdTe solution and the absorption onsets display a gradual
red shift, suggesting the formation of AgTe structure on QD
surface after addition of Ag" [26, 27]. In comparison with
the Raman spectra of CdTe QDs in absence of Ag’, a new
peak which confirmed the existen of AgTe is observed. To
further investigate the reaction mechansim of Ag' with
CdTe QDs, the effect of surface ligand (TGA) concentra-
tion is illustrated in Fig. S-5. It is obvious that the red-shift
of emission wavelength is not linearly proportional to the
concentration of Ag™ when excessive TGA is added into
the system. It indicates that Ag" could not only bind to the
surface of CdTe QDs, but also coordinate with the thiols on
the surface of CdTe QDs, due to its strong affinity towards
RSH and RS compounds [24, 25]. On the basis of above-
mentioned results, we conclude the process of reaction in
Scheme 1. As shown in Scheme 1, the particlesize is
slightly increased by AgTe structure and Ag-SR salt formed
on the surface of QDs, which is also observed under the
HR-TEM (Fig. 2b). These results suggest that the red-shift
in emission may be attributed to the stabilisation of
chargetransfer state which is expected to conver the surface
to AgTe and Ag-SR salt, not due to the agglutination
induced by Ag'. To confirm this hypothesis, we next
examine the fluorescence spectra of two different sizes of

Ag-SCH,COOH

00C

Q__CcooH

COOH ‘)

5 VCOOH
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TGA-capped CdTe QDs solution mixed with Ag”. As can
be seen in Fig. S-6, on one hand, it exhibits that with the
increase of the concentration of Ag', two different
representative sizes of CdTe QDs fluorescence wavelength
shift to longer wavelength in the corresponding; on the
other hand, it can be observed that at increasing Ag"
concentrations the fluorescence signals first increase and
then decrease. Mechanism study shows that small QDs with
more traps on the particle surface are effectively passivated
by initial adsorbed Ag’, which accounts for the fluores-
cence enhancement observed; after the initial traps are
saturated, the excess Ag" facilitates nonradiative recombi-
nation, resulting in fluorescence quenching [26]. These
phenomenons could be interpreted as the fact that the
reactions between TGA-capped CdTe QDs and Ag' are
independent, not to lead the agglutination of QDs.

Analytical application

To evaluate the applications of the method, it was used to the
determination of Ag’ in mineral water and pond water
samples. The samples were analyzed by standard addition
method. The results are summarized in Table 2. From the
Table 2 it can be seen that recovery and the relative standard
deviation for two samples are satisfactory, suggesting that
the proposed mothod is reliable and practical.

Conclusions

In summary, a simple and specific strategy, based on the
red-shift of emission wavelength of TGA-capped CdTe
QDs, has been successfully developed for the detection of
Ag" with remarkably high selectivity and sensitivity. The
red-shift in emission probably is attributed to the creation of
more radiative centers or more new defects by complex of
Ag" and TGA formed on the surface of CdTe QDs. To the
best of our knowledge, this is the first example to detect
metal ions based on the red-shift of emission wavelength of
QDs. Moreover, the analytical results of real samples are
satisfactory. Our preliminary results inspire that the fluo-
rescence QDs probes based red-shift of emission wave-
length will become a promising attractive alternative probes
in detecting metal ions and biological macromolecules.
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