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Stable and water-soluble cadmium telluride quantum dots (CdTe QDs) have been employed for ultra-
sensing exclusive to water soluble Ag(I). For this purpose we have designed and synthesized thiolactic
acid (TLA) capped exquisite CdTe QDs having exclusive selectivity for silver. The limit of detection (LOD)
of Ag(I) is 50nM. The pendant methyl group of TLA effectively impedes the precursor aggregation by
inhibiting the secondary coordination of carboxyl oxygen of mercapto acid with the surrounding Cd(II),
and this results in highly luminescent TLA-CdTe QDs. This pendant methyl group of TLA also facilitates
exclusive surface adsorption of QDs by incoming metal and renders sensing selectivity. Selective adsorp-
tion of silver on TLA-CdTe QD surface provides a turn-off photoluminescence-based assay for sensitive
detection of Ag(I) without any interference of other commonly coexisting metal ions. Furthermore, anal-
yses of environmental water samples spiked with Ag(I), demonstrate immense practical potential of our
TLA-CdTe QD sensor for the detection of silver in real samples. The results also unveiled the possible ori-
gin of the sensing selectivity for metal ion by TLA-capped QDs which can serve in the design and selection
of appropriate capping in achieving the desired sensing selectivity.

© 2016 Elsevier B.V. All rights reserved.
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with adequate hydrophilic surface capping agents to promote effec-
tively the biological and sensing applications of QDs in aqueous
solution.

Among various hydrophilic capping ligands, use of mercapto
acids is a key point to obtain highly luminescent QDs [26]. To
date, several types of mercapto acids have been used as capping
agents and most of them contain a single mercapto function and
a single carboxyl group, such as thioglycolic acid (TGA) and 3-
mercaptopropionic acid (MPA) etc [27]. These mercapto acids have
considerable differences, especially in terms of the nature of sur-
face passivation, which in turn affects the growth rate, stability
and PL properties of the QDs. Current research activities in liter-
ature reveal that both the two factors like chain length for the
hydrophilicity-liophobicity balance (HLB) and also secondary coor-

1. Introduction

Semiconductor nanocrystals, known as quantum dots (QDs),
are of great interest due to their unique optical properties [1-3]
which make their fascinating applications in the areas from
optics, bioimaging, labeling, sensing, gene-drug delivery and so on
[2,4-18]. Till date, two methods have been employed to synthesize
water soluble QDs: (1) high temperature decomposition of haz-
ardous organometallic precursors in organic solvents followed by
a post-treatment based on either ligand exchange or hydrophilic
shell growth on the pre-synthesized hydrophobic QDs to transfer
into water, and (2) direct aqueous synthesis with water soluble
capping ligands [19-23]. The former one is somewhat technically
complicated, suffers from aggregation and photoluminescence (PL)

quenching during the post-treatment steps [24,25]. Consequently,
increasing efforts have been made to improve simple, facile, and
low-cost direct aqueous synthesis methods for water-soluble QDs
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dination of mercapto acids play important roles during aqueous
synthesis in order to control the growth and PL of QDs [28]. Both
TGA and MPA have a terminal carboxylic acid group, which can form
the secondary coordination between carboxyl oxygen and cad-
mium [28,29]. The longer chain of MPA facilitates the coordination
of the thiol sulfur (primary coordination) and the carboxyl oxy-
gen (secondary coordination) with the same cadmium site, leading
to the most favorable hexagonal configuration. As TGA is shorter


dx.doi.org/10.1016/j.snb.2016.08.127
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.08.127&domain=pdf
mailto:mintu@chem.iitkgp.ernet.in
mailto:mhchem@gmail.com
dx.doi.org/10.1016/j.snb.2016.08.127

544 N. Mahapatra et al. / Sensors and Actuators B 240 (2017) 543-552

than MPA by one methylene unit, the carboxyl oxygen of TGA may
coordinate with the cadmium site adjacent to that initially capped
by the thiol sulfur to cause aggregation of the precursors [28,29],
which is unfavorable in achieving highly luminescent QDs.

Herein, thiolactic acid (TLA) has been used as capping ligand
having the same main chain length as TGA with a pendant methyl
group in the side chain which can inhibit the secondary coordina-
tion of carboxyl oxygen with the surrounding cadmium and stop
the aggregation process [28]. Moreover, existing literature report
reveals that luminescence intensity of CdS QDs capped with TLA
is better than that with MPA [30]. Hence, in an effort to produce
stable and highly luminescent QDs, TLA has been chosen as the cap-
ping ligand for hydrothermal synthesis of the CdTe QDs. A detailed
study has been performed on the influence of process variables such
as pH, reflux time, Cd/Te molar ratio, and TLA/Cd molar ratio on
particle properties, such as size and PL behavior.

Recent advances in nanocrystalline materials have generated
incredible interest on their applications in the detection of several
ions and biomolecules etc. by making use of their superior lumi-
nescence properties and stability in aqueous solutions [2,31-35].
Till date, mercapto acid-capped QDs pose great promises towards
selective detection of several ions [31,35,36]. However, the reason
behind the selectivity is not very clear, and the potential function
of the mercapto acid structure toward sensing selectivity is still a
relevant question. Herein, an exploration of the importance of the
structural effect of TLA-capping ligand towards metal ion sensing
selectivity of QDs has been attempted.

Selective detection of Ag(I) is important due to its toxicity
related problems, although it has been extensively used as silver
nanoparticle (Ag NPs) in various commercial products owing to
their antimicrobial and catalytic properties [37]. Naturally occur-
ring silver in soils, water or in commercial products may be
absorbed in human and animals, by the gastrointestinal tract, skin,
mucous and membranes, which can cause argyria and/or argy-
rosis [38]. Ag(l) ions are highly toxic to aquatic organisms and
may accumulate in the human body through the food chain [39].
When absorbed in the human body, silver ions can displace essen-
tial metal ions such as Ca(Il) and Zn(Il) ions in hydroxyl apatite
in bone. The high concentration of Ag(l) ion can lead to bioac-
cumulation and variety of adverse health effects, inactivation of
sulfhydryl enzymes, brain damage, nerve damage and immune
systems. Therefore, the analysis of Ag(I) ions in water and food
resources is of great importance. The free silver ion, Ag(l), is known
to be more toxic to aquatic organisms than other silver species
[40-42]. Therefore, the need for a highly sensitive and selective
determination of silver ion arises from its long-term toxicity for
human and the environment.

On the application side, here we have demonstrated a turn-
off PL-based assay for sensitive and selective detection of Ag(I) in
aqueous solution using TLA-capped CdTe QDs (TLA-CdTe QDs) in
presence of other commonly coexisting metals, e.g., Zn(II), Cr(II),
AI(IIT), CA(II), Co(II), Ni(II), Pb(II), Ca(II), Na(I), K(I), Hg(II), Fe(II),
Fe(IIl), La(IIl), Au(Ill), Cu(Il). Although, several reports for Ag(I)
detection using QDs have been documented [32,43,44], but most of
them suffer from either tedious preparation of the sensor, and/or
limit of detection (LOD), and/or interference of other coexisting
metal ions. For example, Zhang et al. reported that surface mod-
ified (with iminodiacetic acid) Mn(Il) doped ZnS QDs can act as
luminescent probe for Ag(I) in phosphate buffer solution (pH 7.3)
with a detection limit of 2.6 x 10~7 mol/L using PL quenching tech-
nique [43]. Mandal et al. reported a simple TLA capped ZnS QDs
based PL quenching technique for sensing of Ag(I) within the range
of 5x 10~7 =1 x 10~ mol/L[32]. Gan et al. reported a simple MPA-
capped CdTe QDs based PL turn-off assay for detection of Ag(I) with
a good detection limit of 4.106 x 10~8 mol/L, but it suffers from
the interference of Cu(ll) [44]. Hence, the development of highly

sensitive and selective strategy for the detection of Ag(I) in trace
in their sources is of great importance to minimize the anticipated
toxic effects. Interestingly, our TLA-capped CdTe QD sensor is easy
to prepare, has high LOD and also doesn’t suffer from the inter-
ference of other commonly coexisting metals than the literature
reported QDs-based sensors [32,43,44]. In order to demonstrate the
practical applicability of the PL-based sensing assay, the detection
of Ag(I) has also been performed in real water samples. Herein, we
have also discussed the mechanism of PL quenching of QDs by Ag(I).
The potential role of pendent methyl group of TLA capping ligand
towards metal ion sensing selectivity has also been demonstrated.

2. Experimental
2.1. Materials

All analytical grade reagents are used for this study. Cadmium
chloride (CdCl,), thiolactic acid (TLA) and tellurium (Te) powder
(99.997% trace metals basis) are purchased from Sigma Aldrich.
Sodium borohydride (NaBHg), sodium hydroxide (NaOH) and all
the soluble metal salts used for sensing experiments are purchased
from Merck. For all experiments the aqueous solutions are prepared
only with deionized water.

2.2. Instrumentation

Eutech-510 ion pH-meter, pre-calibrated with standard pH
buffer tablets, is used for pH measurement. UV-2450 (Shimadzu)
absorbance spectrophotometer is used to record the electronic
absorption spectra against solvent reference. Hitachi-7000 spec-
trofluorimeter is employed to record the steady state PL spectra.
The PL lifetime decay is recorded with a single photon counting
apparatus (Horiba, Jobin Yvon, IBH Ltd., Glasgow, Scotland) with
an excitation source of 377 nm. All the decays are collected at
the corresponding emission maxima at magic angle 54.7° employ-
ing a Hamamatsu microchannel plate (MCP) photomultiplier tube
(R3809U). Analysis of the decays are done, as sum of the exponen-
tial components with pre-exponential factors («;) normalized to
unity, applying iterative reconvolution with IBH DAS-6 software.
The x2 values and weighted residuals ensure the perfectness of fit.
JEOL Model JEM-2010 electron microscope with an operating volt-
age of 200KV is used for taking transmission electron microscopy
(TEM) images. Composition analysis is performed by using energy-
dispersive X-ray spectroscopy (EDX) measurements. Bruker D8
diffractometer unit with nickel-filtered Cu Ko line (A=1.54A) is
used for collecting the X-ray diffraction (XRD) pattern of the sam-
ple within the 20 range of 15°-90° at a scanning rate of 3.0° min—1.
JCPDS software is used for the XRD data analysis. X-ray photo-
electron spectroscopic (XPS) studies are carried out with PHI 5000
VersaProbe 1l scanning XPS microprobe (ULVAC-PH], inc.) using the
energy source Al (Ko, hv=1486.6eV).

2.3. Preparation of sodium hydrogen telluride

NaHTe is prepared according to the method described elsewhere
[45] with some modifications as follows. The molar ratio of tel-
lurium (Te) powder and sodium borohydride is 1: 3. Briefly, 16 mg
of Te powder is taken in a small round bottom flask and to it 4 ml
water is added. After that, 14 mg of sodium borohydride is added
in the flask, the reacting system is cooled on ice bath (~3°C). After
approximately 4 h, the black Te powder disappears and a white pre-
cipitate of sodium tetraborate appears at the bottom of the flask.
The resulting clear supernatant of NaHTe is used for the preparation
of CdTe particles.
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2.4. Synthesis of water-soluble TLA-CdTe QDs

Required amount of CdCl; and TLA are dissolved in water, so that
the concentration ratio becomes 1: 2.4, where [CdCl;|=2.35mM
[45]. The desired pH is attained by the drop-wise addition of 1M
NaOH solution to the above mixture. The solution is deaerated with
N, bubbling for 30 min. Then required volume of freshly prepared
NaHTe solution is injected to the above mixture under stirring and
N, bubbling condition. The molar ration of Cd: Te: TLA was fixed to
1: 0.5: 2.4. The N, bubbling and stirring are continued for another
30 min after complete addition of NaHTe solution.

The size of the TLA-CdTe QDs is controlled by the duration of
reflux time and monitored by absorption and emission measure-
ments. TLA-CdTe QDs syntheses have been performed for different
pH (7-12) of the initial reaction mixture at a fixed molar ratio of
the precursors (Cd: Te: TLA=1: 0.5: 2.4). The variation of molar
ratio of the precursors is performed at pH 9 only, as at this pH the
PL intensity of the synthesized TLA-CdTe QDs is found to be maxi-
mum. Three different Cd/Te molar ratios and five different TLA/Cd
molar ratios are attempted to optimize the PL intensity of TLA-CdTe
QDs. The ratio of [Cd]: [Te]: [TLA]=1: 0.5: 2.4 was found to be opti-
mal to obtain the highest PL intensity. Conventional studies, such
as UV-vis and PL spectroscopy, PL lifetime measurements, TEM and
XRD are performed to characterize the synthesized TLA-CdTe QDs.

2.5. Sensitive and selective detection of Ag(I) with TLA-CdTe QDs

Turn-off PL-based protocol for selective detection of Ag(l) at
room temperature is performed by using our synthesized TLA-CdTe
QDs at pH 9.0 obtained after 4 h reflux having maximum PL inten-
sity. Deionized water is used to prepare the desired concentration
of all metal ions from their respective salts and stored at room tem-
perature (~ 25°C). The final concentration of the metal is achieved
by mixing the required volume of a particular metal ion solution
with TLA-CdTe QDs solution and used to monitor the change in
absorbance, PL intensity, PL lifetime decay, and XPS of QDs.

2.6. Analysis of real samples

To evaluate the application potential of the sensing assay in
real sample analysis, the sensor has been applied to analyze pond
water and tap water samples, collected from IIT Kharagpur cam-
pus. The collected pond water and tap water samples are boiled
and cooled to room temperature, and then filtered with the qual-
itative filter paper. These water samples are spiked with solution
of Ag(I), and then an appropriate volume of the spiked sample is
added to TLA-CdTe QD solution in order to achieve the desired Ag(I)
concentrations, and finally all the measurements are performed by
following the same procedures as discussed above.

3. Results and discussion
3.1. Tunable optical properties of TLA-CdTe QDs

The steady state absorption and photoluminescence (PL) spectra
of size selected fractions of TLA-CdTe QDs for different pH at a fixed
molar ratio of the precursors (Cd: Te: TLA=1: 0.5: 2.4) are shown
in Supplementary information S1 (Fig. S1A-F). For all starting pH,
large red shifting of the absorbance peak position and increase in
absorbance reveal that both the particle size and number density of
particlesincrease during refluxation. The large Stokes-shifted emis-
sion maxima (approximately about 1 eV lower than the absorption
edge) indicate the involvement of trap-states (lattice defects) in PL
of the QDs. Relatively stronger luminescence intensity and max-
imum stability of the QDs appear at pH 9, which may be due to
better crystallization and surface capping. During refluxation, pH

can influence on the nucleation and growth rate, and after syn-
thesis, pH can also affect on the stability and aggregation behavior
of the colloids. Before the addition of telluride, Cd(Il) forms com-
plexes with TLA and the type and stability of these complexes are
pH dependent, which can influence on the particle properties [30].
Below pH 5, insoluble complexes are formed, which dissolve with
increase of pH, possibly due to better complexation between Cd(II)
and TLA. Thus, one can expect a well controlled growth of the par-
ticles, which allows better crystallinity and surface passivation at
pH9[30]. Above pH 9, the increase in charge density on the particle
surface may hinder the attachment of TLA molecules (anion) onto
the surface, leading to increase in the number of uncoordinated
sites, which may result in the decrease of PL intensity and stability
also [30]. Again at high pH decrease in solubility of CdTe may also
affect the photoluminescence intensity as well as stability.

Generally, Cd/Te ratio is effective in determining the size of the
QDs. Variation of Cd/Te molar ratio (from 4 to 1) is performed at pH
9 by keeping the TLA/Te molar ratio (at 4.8) fixed. Corresponding
UV-vis and PL spectra with respect to reflux time are shown in Sup-
plementary information S2 (Fig. S2A-C). Here also, for all different
Cd/Te ratios the absorption peak position gets red shifted (i.e., par-
ticle size increases) during refluxation. But the noticeable feature
is that with the decrease in Cd/Te ratio from 4 to 2, a huge blue
shift in absorbance edge occurs, which indicates a large decrease in
particle size. In PL spectra also, very little Stokes shift reveals that
band-edge emission occurs at Cd/Te ratio of 4, which is converted
to large Stokes shifted trap-state emission at Cd/Te ratio of 2. Dif-
ferent types of nucleation process could be the possible origin of
the above facts. These affect the quality of the nanocrystal struc-
tures resulting in different types of luminescence pattern. Further
decrease in Cd/Te ratio (from 2 to 1) has almost negligible effect
on the absorbance property but results in the decrease of lumines-
cence intensity. Thus, the experimental results indicate that the
best batch TLA-CdTe QDs with strong luminescence intensity can
be synthesized at the Cd/Te ratio of 2.

In order to check the effect of capping agent on the optical prop-
erties of TLA-CdTe QDs, we have performed the variation of TLA/Cd
molar ratio at a fixed Cd/Te ratio of 2 at pH 9. The UV-vis and PL
spectra for different TLA/Cd ratios are shown in Supplementary
information S3 (Fig. S3A-E). For any TLA/Cd ratio the absorption
peak position is found to be red shifted (i.e., particle size increases)
with increase of refluxing time. But for different TLA/Cd molar
ratios, within the range from 1 to 4.8, there is no dramatic change
in absorbance spectra, and all the QDs yield a large Stokes shifted
emission profile. The only difference is in luminescence intensity
which is found to be maximum at a TLA/Cd molar ratio of 2.4.
The possible reason for this is that at low concentration of cap-
ping agent enough surface coverage is not achieved to arrest the
surface defects, resulting in nonradiative recombination. At rela-
tively lower concentration of TLA there is a fair chance to form
clusters of CdTe QDs, and as a result, poor dispersion of TLA-CdTe
QDs occurred. Due to this, the emission intensity was suppressed
noticeably. After sufficient amount of coating, addition of excess
TLA leads to the surface crowding, which may result in the decrease
of PLintensity. This reveals that TLA/Cd ratio has considerable effect
on particle surface construction rather than crystal growth. So,
highly luminescent TLA-capped CdTe QDs with substantial surface
passivation can be synthesized at a TLA/Cd molar ratio of 2.4.

It is evident from Fig. 1 that in optimized synthesis condi-
tions red shifted absorption spectra of TLA-CdTe QDs ([CdCl,]: [Te]:
[TLA]=1: 0.5: 2.4 at pH 9, where [CdCl,]=2.35 mM) indicate rapid
growth and increase in size of the QDs with increase in reflux-
ing time upto 4 h. This is also confirmed from TEM measurements
(Fig. 2A and B). On the other hand, the large Stokes-shifted trap-
states PL of TLA-CdTe QDs originates from lattice defects within
the nanocrystals. The Cd and Te, vacancies and interstitials are
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Fig. 1. Reflux time dependent (A) Absorbance (dotted line) and (B) photolumines-
cence (solid line) spectra of TLA-CdTe QDs synthesized in aqueous solution and at a
fixed [Cd]: [Te]: [TLA] molar ratio of 1: 0.5: 2.4 and pH 9, where [CdCl;]=2.35 mM.
Insets are the photographs of the QD solutions in daylight (left side) and UV light
(right side) at different reflux time.

the main atomic defects in the CdTe nanocrystals. The PL intensity
increases upto 4 h of reflux time and beyond 4 h refluxation, lumi-
nescence intensity decreases despite the increase in absorbance.
The decrease in PL intensity may be due to either clustering as evi-
dent from TEM image (Fig. 2C) or decrease in population of the
defect states with increase in reflux time [2]. In clusters, various
size distribution and close proximity between the particles facili-
tate the transfer of the excitation energy of one QD to another in a
non-radiative way, which could suppress the PL.

Since quantum confinement is lost due to clustering, the densely
packed state within the cluster would render the particle to behave
like bulk CdTe, which may result in the substantial decrease in lumi-
nescence intensity during further refluxation [2]. As a result, these

PL Intensity (Log Counts)

|| ——12h

50 100 150 200
Time (ns)

Fig. 3. Room temperature PL decay curves of TLA-CdTe QDs in aqueous solution
obtained at different reflux time. TLA-CdTe QDs are synthesized at a fixed [Cd]: [Te]:
[TLA] molar ratio of 1: 0.5: 2.4 and pH 9, where [CdCl,]=2.35 mM. All the samples
are exited with a 377 nm pulsed laser source and the decays are collected at their
corresponding PL peak.

QDs show size and proximity dependent trap-state PL as discussed
by us elsewhere [2]. Thus in our case, with increase in refluxation
time, i.e., with the increase of nanocrystal size and degree of clus-
tering, the trap-state PL peaks of the said QDs get largely red shifted
(556 nm — 625 nm) [46,47].

Fig. 3 represents the initial part of PL lifetime decay profiles
of TLA-CdTe QDs synthesized by utilizing the optimized condi-
tion at different reflux time. Our synthesized TLA-CdTe QDs show
multi-exponential PL decay behaviors [31,36,48]. Interaction of
various types of defect states with their environments may result
in such complex PL decays. The decay curves show a reasonably
good biexponential fitting and the estimated approximate lifetime
parameters are highlighted in Table 1. Previous literature reports
reveal that the faster lifetime component is associated with the

8

Fig. 2. Reflux time dependent, (A) 1h, (B)4h and (C) 10 h, TEM images of TLA-CdTe QDs synthesized in aqueous solution and at a fixed [Cd]: [Te]: [TLA] molar ratio of 1: 0.5:

2.4 and pH 9. The insets show the particle size distribution at corresponding condition.
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Fig. 4. Ag(]) concentration dependent (A) UV-vis and (B) PL spectra of TLA-CdTe QDs synthesized at a fixed [Cd]: [Te]: [TLA] molar ratio of 1: 0.5: 2.4 and pH 9, where
[CdCl] =2.35 mM, after 4 h refluxation. Inset of B is the photographs of QD solutions in the absence and presence of Ag(I), under UV light. Plots of relative PL intensity (F°/F)

vs [Ag(1)], for (C) whole range of concentration and (D) lower range of concentration.

intrinsic recombination of populated core-states, while the longer
lifetime component is due to the surface-related radiative recom-
bination of carriers [32,36]. The substantially high weight of the
surface-related longer lifetime component (a5 ) is usually well cor-
related with higher luminescence intensity [36,49]. The different
lifetime component arises from the variation of the nonradiative
decay rates caused by the trap states [32,50]. The increase in longer
lifetime component indicates the involvement of more surface
states in the PL process. Beyond 6 h refluxation, in spite of the sub-
stantial decrease in steady state PL intensity, the lifetime has been
found to remain almost constant, which indicates that the amount
of defect state doesn’t change thereafter.

3.2. Characterization studies of TLA-CdTe QDs

Fig. 2 represents the TEM images of TLA-CdTe QDs synthesized
by our optimized condition after 1h (Fig. 2A), 4h (Fig. 2B) and
10 h (Fig. 2C) refluxation. The TLA-CdTe QDs show mostly spher-
ical shapes with diameter in the range between 1nm to 3.5nm
and 3 nm to 7 nm after 1 h and 4 h refluxation, respectively, as evi-
dent from the statistical size distribution histograms (Fig. 2A and
B, inset). At a considerably longer reflux time clustering occurs (as

Table 1

Refluxing time-dependent estimated values of lifetimes (), relative amplitudes (o),
average lifetimes (T,y) and x?, obtained from the fitted initial part of PL decay of
water soluble TLA-CdTe QDs synthesized at a fixed [Cd]: [Te]: [TLA] molar ratio of
1: 0.5: 2.4 and pH 9, where [CdCl,]=2.35 mM?".

Reflux time (h) o1 T1(ns) w2 T2 (ns)  Ta (nS) X

0.5 0.1796 11.55 0.8204  41.61 36.21 1.133
1 0.1323 13.37 0.8677  49.12 44.39 1.074
2 0.1030 14.73 0.8970  57.77 53.34 1.049
4 0.1240  23.23 0.8760  87.16 79.23 1.056
6 0.0526 17.16 0.9474  96.49 92.32 1.052
8 0.0415 12.62 0.9585  92.75 89.42 1.040
12 0.0308 10.14 0.9692  93.97 91.39 1.049

@ Errors in estimation of lifetimes: ~+5%.

evident from Fig. 2C), which may cause the decrease in lumines-
cence intensity. The complete characterization of our synthesized
TLA-CdTe QD has been provided in the Supplementary information
S4.

3.3. Sensitive and selective turn-Off-PL of TLA-CdTe QDs by Ag(I)

We have observed that Ag(I) quenched the PL of our synthe-
sized TLA-capped CdTe QDs in a concentration dependent manner.
Therefore, in order to study the effect of Ag(I) concentration on the
PL, we used TLA-CdTe QDs with maximum luminescence inten-
sity i.e., TLA-CdTe QDs obtained by our optimized conditions after
4h reflux time. Fig. 4B represents the decrease in PL intensity
of TLA-CdTe QDs with increasing concentration of Ag(I). Almost
full quenching of the PL intensity of QDs occurs within the con-
centration range of 50nM to 100 wM. Therefore, the synthesized
TLA-CdTe QDs can be used to develop a sensitive turn-off PL based
assay for the detection of Ag(I). To explore the sensitivity of the
PL-quenching technique, we have plotted the relative lumines-
cence intensity (F°/F) with respect to Ag(I) concentration (Fig. 4C
and D), where F° and F are the PL intensities of TLA-CdTe QDs at
605 nm in the absence and presence of Ag(I), respectively. The plot
of FO/F vs [Ag(I)], over the whole concentration range can be fit-
ted in two linear segments: (1) from 50 nM to 10 M (Fig. 4D), and
(2) from 10 wM to 100 uM (Fig. 4C). For the two different concen-
tration ranges, the linear equations with linearity coefficients are
shown in Table 2, from which one can estimate the unknown con-
centration of Ag(l). Evaluation of limit of detection (LOD) can be
carried out by using the equation LOD =(30/k), where o stands for

Table 2
Linear equations and linearity coefficients of F°/F vs [Ag(1)] plot at different concen-
tration ranges.

Linear equation Linearity coefficient

FJF=0.115[Ag(1)] +1.029  0.995
F°/F=0.055[Ag(1)] +1.547 0.998

Concentration range of Ag(I)

50nM-10 uM
10 pM-100 uM
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BRX Coexisting metal ion NN Coexisting metal ion + Ag(l)

Fig. 5. Plot of relative PL intensity (F°/F) of TLA-CdTe QDs for a fixed concentration
(40 wM) of different metal ions. Orange bars represent the responses from individual
metals and the gray bars indicate the responses from Ag(I) in the presence of other
coexisting metals. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

the standard deviation of the y-intercepts of regression lines, and
k represents the slope of calibration graph [2,51]. The LOD of Ag(I)
is ~50nM, which is far better in comparison with other literature
reports [32,43].

To determine the selectivity of Ag(I) detection by the TLA-CdTe
QD senor, we have performed the PL quenching with different
physiologically important metal ions and also with some transition
metal ions (as stated earlier in the introduction section). Experi-
mental results reveal that other common metal ions have almost
no influence on the photoluminescence intensity of the TLA-CdTe
QDs. We have plotted FO/F for the TLA-CdTe QD in the presence of
some fixed concentration (40 nM) of different metal ions (bar plot
of Fig. 5), where F? and F are the PL intensities in the absence and
presence of metals, respectively. Except for Ag(I), almost unity val-
ues of FO/F for all other common metals indicate their inability to
quench the PL of TLA-CdTe QDs. This shows exclusive selectivity of
Ag(I) in quenching of PL of the synthesized QDs. Moreover, com-
petitive studies, i.e., PL quenching of TLA-CdTe QDs by Ag(I) in the
presence of other metal ions, are also performed. As shown in Fig. 5,
substantial change in relative PL intensity (F°/F) occurs due to the
addition of Ag(I), either in the absence in presence of other met-
als. The selective detection of Ag(I) through PL quenching, is hardly
affected in presence of these commonly coexisting ions. This reveals
that the TLA-CdTe QDs exhibited excellent selectivity for Ag(I) in
the presence of other metal ions. Hence our synthesized TLA-CdTe
QDs can be used as a turn-off PL-based sensor for sensitive and
selective detection of Ag(I).

3.4. Detection of Ag(I) in real samples

These initial results endorse the efficiency of our proposed sens-
ing assay to detect Ag(I) in the presence of different co-existing
metals. But the detection of Ag(I) in real samples is much more
challenging goal, since most of the sensors are not stable enough in
a complicated environment. To evaluate the practicality of our pro-
posed sensing assay, we have employed our TLA-CdTe QD sensor
for the analysis of real environmental samples (pond water and tap
water) spiked with different Ag(I) concentrations. The maximum
spiked Ag(I) concentration is upto 200 nM, as the chloride content
of our collected real environmental samples are ~700 .M and the
solubility product (Ksp) of AgCl is 1.8 x 10-10 at 25° C [52,53]. The
treated real water samples spiked with different concentrations of
Ag(I) (0, 50, 100 and 200 nM), are tested employing the same pro-
cedure as discussed above. The results obtained, are summarized
in the Supplementary information S5 and indicate good recovery,
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Fig. 6. PL lifetime decay profiles of TLA-CdTe QDs in the absence and presence
of different concentrations of Ag(I). The samples are exited with a 377 nm pulsed
laser source and all the decays are collected at their emission maxima and at room
temperature.

which validates that our proposed PL-based TLA-CdTe QD sensor
can also be useful for real environmental water samples analysis.

3.5. Mechanism of Ag(I) detection by TLA-CdTe QDs

PL quenching of QDs by metals is a complex process and
several mechanisms such as energy transfer, electron transfer,
non-radiative recombination pathways, ion-binding etc. have been
proposed [2,31,32,36,44]. Earlier literature reports reveal that Ag(I)
affects the PL of QDs through adsorption onto the particle surface
[31,32,36,44]. The adsorbed metal can control the PL behavior of
QDs either by simple interaction with surface trap-states or by the
effective removal of surface trap-states through the formation of
metal chalcogenides (e.g. AgTe) with dangling bonds of chalcogens
[32,36,44]. The simple interaction of metal with surface trap-states
can lead to increase or decrease of PL of QDs with a very little
shift of the absorption and PL peak position. On the other hand,
the effective removal of surface trap-states should be associated
with large shifts of both absorption and PL peak position with a
noticeable change in spectral profile [36]. In the present case, we
have found a very little shift of absorption peak position (Fig. 4A)
and a little blue-shift (~12 nm) of PL peak position (Fig. 4B) of TLA-
CdTe QDs. This indicates that simple interaction of surface adsorbed
Ag(1) with trap-states of QDs results in the PL quenching either by
energy transfer or by electron transfer or by non-radiative recom-
bination processes. Practically unchanged PL lifetime of TLA-CdTe
QDs before and after addition of Ag(I) (Fig. 6) further indicates that
AgTe formation does not take place through the elimination of dan-
gling bonds of Te on the particle surface [31,36,54-56]. No change
in PL lifetime also negates the possibility of PL quenching either
by energy transfer or by electron transfer process [31,36,57-59].
So, we can presume that the adsorption of Ag(I) onto the surface
of TLA-CdTe QDs can reduce the recombination luminescence by
stimulating the non-radiative electron/hole recombination process
at the previously existing defect sites on the nanocrystals surface
[60,61].

XPS studies are carried out to confirm the binding of silver ion
onto the nanocrystal surface, since XPS provides information about
the surface chemical composition and the chemical states of nano-
materials [62]. Here, Cd 3d, Te 3d and Ag 3d core levels have been
focused. The spectra of the Cd 3d, Te 3d and Ag 3d core levels
are represented in Fig. 7A, B and C, respectively. The appearance
of Cd 3dsp, peak at 405.1eV, Cd 3dsj, peak at 411.9eV, Te 3ds),
peak at 572.4eV and Te 3d3, peak at 582.7 eV ensure the presence
of cadmium and tellurium in the TLA-CdTe QDs, which is in good
agreement with the existing literature reports [12,63]. After addi-
tion of silver ions (50 wM) to TLA-CdTe QDs, the appearance of Ag
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Fig. 7. (A) Cd 3d, (B) Te 3d and (C) Ag 3d core levels XPS spectra of TLA-CdTe QDs in the absence and presence of 50 wM Ag(I).
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3dsp, peakat367.9 eV and Ag 3d; ), peak at 374.1 eV [62,64] confirm
the binding of Ag onto the nanocrystal surface.

In order to reinforce the phenomenon of binding of Ag onto
the nanocrystal surface, further XPS studies are also carried out for
Ni(Il) induced quenching of MPA-capped CdS QDs, where binding of
Ni(II) occurs with carboxylate group of mercapto acid as discussed
in our previous report [2]. The spectra of the Cd 3d, S 2p and Ni 2p
levels are shown in Fig. 8A, B and C, respectively. The appearance
of Cd 3ds; peak at 405eV, Cd 3d;), peak at 411.8eV and S 2p3),
peak at 161.8 eV confirm the presence of cadmium and sulfur in
the CdS QDs [12,63]. After addition of nickel ion (50 M) to MPA-
CdS QDs, no peak, corresponding to Ni 2p3p, at~855.9eV and Ni
2pqp; at~873.6eV [64] appears which indicates that the binding of
Ni doesn’t occur onto the nanocrystal surface.

3.6. Possible role of the pendent methyl group of TLA on metal
sensing selectivity

Generally, in mercapto acids capped QDs, the sulfur atom of the
thiol group remains attached to the particle surface and the nega-
tively charged carboxyl group (at high pH) remains exposed toward
the solvent. Inaqueous solution electrostatic repulsion between the
negatively charged carboxylate groups of different particle units
provides colloidal stability. When metal ions are added to the aque-
ous solution of mercapto acids capped QDs, they can be adsorbed
onto the QD surface through interaction with soft sulfur centre or
can coordinate with hard oxygen centre of water-exposed carboxy-
late group. In either of these two processes metal can affect the PL
of QDs, i.e., enhancement or quenching of PL can occur. Now, inter-
action of metals with these two sites can depend on the structure of
mercapto acids (capping ligands). In case of straight chain mercapto
acids, such as TGA and MPA, metals can equally interact with both
the sites. One can achieve the site selective interaction either by
increasing surface coating [31] or by decreasing pH of the medium
[65]. Increase of surface coating prevents the approach of metals
to the QD surface. Xia et al. reported [31] that Cu(Il) and Ag(I) can
quench the PL of TGA-capped CdTe QDs through adsorption onto
the particle surface; whereas electron transfer between Hg(Il) and
capping ligands is responsible for the PL quenching effect of Hg(1I).
In order to block the access of particle surface toward metals, the
original TGA-capped CdTe QDs were further coated by denatured
bovine serum albumin (dBSA). In this way, they have observed the
site selective quenching of dBSA-coated CdTe QDs only by Hg(II)
because the dBSA shell-layer effectively prevents the approach of
Cu(Il) and Ag(I) toward the QD surface. On the other hand, decrease
in pH of the medium prevents the binding of metals with carboxy-
late group of mercapto acids due to the protonation at low pH.
But acidic pH will destabilize the colloidal solution of QDs, possi-
bly due to decrease in electrostatic repulsion between the particles
through protonation of carboxylate group of mercapto acids. Gore
et al. proposed the selective detection of Co(II) by TGA-capped CdS
QDs through binding with carboxylate group of mercapto acid [65].
In a pH variation study, they have observed that the most sensi-
tive pH lies within the range from 6.0 to 9.0 in order to get full
complexation.

Use of TLA, a branched mercapto acid, as a capping ligand, directs
the metal toward the exclusive surface adsorption by QDs even at
basic pH (at high colloidal stability of QD solution). The environ-
ment around the QDs becomes crowded by the attachment of lots
of capping ligands on the small QD surface. The crowding becomes
more with side chain alkyl-group-containing mercapto acids cap-
ping ligands, such as TLA in lieu of MPA. When metal tends to bind
the carboxylate group of mercapto acid (as represented in Fig. 9),
the pendant methyl group in the side chain of TLA brings in some-
what unfavorably crowded environment and this reduces binding.
The so called steric hindrance of methyl side chain (as observed

(O

Impediment of
Coordination

Adsorption of
metal ion onto the
particle surface

Fig. 9. Schematic representation of the sensing selectivity of TLA-capped CdTe QDs
toward metal ion detection.

by Fang et al. in case of 3-mercaptobutyric acid [28]) is responsi-
ble for the inhibition of binding of metals with carboxylate group
of mercapto acid. Therefore, surface adsorption of Ag(I) takes place
exclusively on our synthesized TLA-capped CdTe QDs which results
in PL quenching. Selective turn-off PL-based sensing of Ag(I) by TLA-
capped ZnS QDs at pH 7.5 [32] also supports the exclusive surface
adsorption of QDs by metal in presence of TLA as capping ligand.

4. Conclusion

In conclusion, the effect of the pendant methyl group in the
side chain of TLA on the synthesis and sensing selectivity of TLA-
CdTe QDs has been demonstrated. The side chain methyl group of
TLA confines the carboxyl group and suppresses the aggregation of
QDs by preventing secondary coordination between the carboxyl
oxygen of mercapto acid on the surface of CdTe nanocrystals with
cadmium on the surface of the other. This facilitates the emergence
of highly luminescent QDs with appropriate surface passivation.

The side chain methyl group of TLA also facilitates the selec-
tive interaction of metal ions onto the QDs surface even at basic
pH, when carboxyl group of mercapto acid remains deprotonated.
Thus, selective adsorption of Ag(I) onto the TLA-CdTe QD surface,
results in PL quenching of QDs via stimulation of the nonradia-
tive electron/hole recombination. The LOD of Ag(I) is found to be
50 nM. The present method provides a simple, rapid and ultrasen-
sitive PL-based assay for the selective detection of Ag(I) without
any interference of other commonly coexisting metal ions and also
in real environmental water samples. Herein, for the first time, we
attempted to demonstrate the importance of the structural effect
of TLA as capping agent toward metal sensing selectivity of QDs
and the possible origin of metal-sensing exclusiveness. This study
puts forward a novel approach on the selection of capping ligands
toward controlling of the metal sensing property of QDs. These
results can be very useful toward the development of sensors by
selecting and designing the appropriate capping ligands for the
QDs.
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