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a b s t r a c t

New strategies for silica coating of inorganic nanoparticles became a research hotspot for enhancing
the mechanical stability of colloidal particles and protecting colloidal particles against oxidation and
agglomeration, and so on. In this paper, 3-aminopropyltriethoxysilane (APTES)-functionalized Mn doped
(AF MnD) ZnS QDs was prepared to be firsyly through the use of silane coupling agents to form an
active layer of silica, then sol–gel reaction of TEOS co-deposited with APTES on the surface of resultant
active layer of silica. The emitted long lifetime room-temperature phosphorescence (RTP) of the resultant
nanomaterials allows an appropriate delay time so that any fluorescent emission and scattering light
can be easily avoided. The APTES anchored on the layer of silica can bind 2,4,6-trinitrotoluene (TNT)
species to form TNT anion through acid–base pairing interaction, the TNT anion species may increase the
charge-transfer pathways from the nanocrystals to nitroaromatic analytes, therefore further enhance the
quenching efficiency of RTP. Moreover, APTES as capped reagents can enlarge the spectral sensitivity and
enhance RTP response of nanocrystals to the electron-deficient nitroaromatic and nitrophenol species.

Meanwhile, AF MnD ZnS QDs also exhibited a highly selective response toward TNT analyte through
significant color change and quenching of 4T1 to 6A1 transition emission. This AF MnD ZnS QDs based
sensor showed a very good linearity in the range of 0.05–1.8 �M with detection limit down to 50 nM
(quenching percentage of phosphorescence intensity of 8%) and RSD of 3.5% (n = 5). The reported QDs-
based chemosensors here open up a promising prospect for the sensitive and convenient sensing of TNT
explosive.
. Introduction

In recent years, new strategies for silica coating of nanoma-
erials, different from the classical methodologies, have emerged
t the forefront of materials science [1,2]. At least three classical
echnologies such as Stöber synthesis [3,4], use of silane coupling
gents [5], and the sodium silicate water-glass methodology [6,7]
ave been devoted to silica coating of colloidal nanoparticles by
lassical aqueous methods. Although many different approaches
ave, so far, been developed for the synthesis of nanoparticles with
ore@SiO2 geometries, the majority of them are based on the above-
entioned methods. Silica as a coating material by using core–shell

ational designs and its synthetic versatility holds an unparalleled

dvantages for enhancing the mechanical stability of colloidal par-
icles, enabling a transfer into various organic and aqueous solvents,
nd protecting colloidal particles against oxidation and agglom-

∗ Corresponding author. Tel.: +86 551 3828 150.
E-mail address: wshzou@yahoo.cn (W.-s. Zou).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

eration. Moreover, the nanomaterials coated with a silica shell
would be highly desirable to impart biocompatibility with biolog-
ical assays [8–10], and semiconductor QDs deposited with a silica
shell would be helpful to reduce cytotoxicity [11] and use for assem-
bly of photonic structures [12], and so on. Recently, because the
interference from auto-fluorescence emission and scattering light
can be easily avoided due to the long lifetime of phosphorescence
[13], room-temperature phosphorescence (RTP) has been studied
in a number of doped semiconductor systems [14–18]. Tu et al. [19]
synthesized amine-capped MnD ZnS nanocrystals and used it in the
field of analysis for the first time. Subsequently, Yan’s group applied
such nanocrystals in RTP sensing DNA [20], persistent organic pol-
lutants (POPs) in water [21], enoxacin [22] and glucose [23] in
biological fluids. More recently, we have also reported a Rayleigh
scattering chemodosimeter and RTP chemosensor dual recogni-
tion probe for the detection of TNT based on l-cysteine capped Mn

doped ZnS QDs [24].

Here, we reported the synthesis of 3-aminopropyl-
triethoxysilane (APTES)-functionalized Mn doped (AF MnD)
ZnS QDs with unusual 2,4,6-trinitrotoluene (TNT) recognition
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Fig. 1. Schematic illustration fo

unction and the study of its RTP sensing feature. The AF MnD ZnS
Ds can bind TNT species to form TNT anion through acid–base
airing interaction between electron-rich amino ligands and
lectron-deficient aromatic rings [19]. Generally, TNT anion may
uench fluorescence of the QDs with the band gap close to the
bsorption edge of TNT through a charge-transfer process [25].
herefore dramatic RTP reduction at 4T1 to 6A1 transition emission
avelength was observed. Notably, AF MnD ZnS QDs also exhibited
highly selective response toward TNT analyte through significant
olor change.

TNT has always been magnetizing tremendous societal concern
ue to TNT not only as notorious high explosive menacing societal
ecurity but also as significant deleterious species influencing envi-
onment and human health [26,27]. In recent decade, since QDs
ffer advantages over conventional organic fluorophores such as
reat photostability, size-dependent emission wavelengths or the
ntroduction of dopant ions, and sharp emission profile, which can
e utilized as chemosensor to provide the chemodetection selec-
ivity and sensitivity to target species [19,28]. Recently, ligands
ontaining lone-electron pair capped gold nanoparticles exhib-
ted high surface enhanced Raman spectroscopy (SERS) response
29] and colorimetric sensitivity [30] for TNT at picomolar levels.

olecular imprinted (MI) technique, a way to change or fine-tune
he chemodetection selectivity, utilized molecular shape of a tar-
et analyte as a natural feature to enhance molecular recognition.
his versatile approach has been used to create affinity in solid
atrices for TNT through controlled selection of functional groups

ocation and shape recognition [31]. The above approaches have
ed to significant contributions to the TNT assay. Under the guide
f the faith of low-carbon life and green environment, and the
ttraction of nanomaterials’ excellent properties, it is still desirable
o develop new nanoparticles-based methods with the feature of
ost-effectiveness, easy-to-operation, procedure simplicity, time-
aving or environment-friendliness. Such approach requires the
ntegration of simple and green synthetical technique, selective
ecognition and highly sensitive detectable signals, etc. The pro-
osed methods are well-suited for detecting the ultra-trace TNT
nd distinguishing different nitro compounds in aqueous solution.

. Experimental

.1. Chemicals

2,4,6-Trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT) and 4-
itrotoluene (NT) were gifted friendly by Professor Zhao-Wu Shen
University of Science and Technology of China, Hefei, Anhui,
hina) and used as recrystallized from methanol–water (2:1, v/v)

ixture. 4-nitrophenol (4-NP) with a purity of over 99.5%, ful-

ic acid with carbon content over 40% and tetraethoxysilane
TEOS) with a purity of over 99% were commercially pur-
hased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
H2N

reparation of AF MnD ZnS QDs.

China). 3-Aminopropyltriethoxysilane (APTES, purity > 98%) and
3-mercaptopropyltriethoxysilane (MPTS, purity > 99%) were the
products of Alfa Aesar (Tianjin, China) and Aladdin (Shanghai,
China), respectively. ZnSO4·7H2O, Na2S·9H2O and MnCl2·4H2O
were purchased and used as received. The stock solutions of TNT,
DNT, NT and 4-NP were prepared by dissolving in ethanol with con-
centration of 2 × 10−3 M for TNT, and 2 × 10−2 M for others, as used
they were diluted to desired concentration. The concentration of
Mn-doped ZnS QDs was 400 mg/L. Doubly deionized water (DDW)
was prepared in Elix 5 pure water system (Millipore, Milwood, MA,
USA). All other reagents were of analytical grade and used without
further purification.

2.2. Synthesis of the AF MnD ZnS QDs

A two-step preparation procedure was adopted to prepare
AF MnD ZnS QDs (Fig. 1) according to the reported procedure
with slight modifications [19]. In the first step, 6.25 mmol of 1.8 g
ZnSO4·7H2O, 0.5 mmol of 0.1 g MnCl2·4H2O, and 20 mL of DDW
were added to a three-necked flask. After the mixture was stirred
under dry nitrogen at room temperature for 10 min, 5 mL of aque-
ous solution containing 6.25 mmol of 1.5 g Na2S·4H2O was added
dropwise, and the mixture was kept stirring for 30 min. Then 5 mL
of an ethanol solution containing 0.3 mmol of 0.072 g MPTS was
added, and the mixture was kept stirring for 24 h. The resultant
MPTS capped Mn doped ZnS QDs were centrifuged and washed
with DDW and absolute ethanol three times and dried in vacuum.
In the second step, 10 mL of an absolute ethanol solution contain-
ing 200 �L of APTES and 0.35 mL of TEOS were added to a 25 mL
flask, after stirring 10 min, 0.35 mmol of 250 mg MPTS capped Mn
doped ZnS QDs, 0.4 mL of 25% NH3·H2O and 2.0 mL H2O were added
and stirred for 18 h. Another type of QDs was also synthesized in
parallel but without addition of APTES (Mn doped ZnS QDs@SiO2).
The resultant MnD ZnS QDs were centrifuged and washed with
40 mL of absolute ethanol two times to get the QDs with nearly
the same RTP intensity. Finally, two types of concentrated MnD
ZnS QDs were stored in aqueous solution for convenient operation
in experiments.

2.3. Apparatus

UV–vis absorption spectra were obtained using a UV-3600
UV–vis spectrophotometer (Shimadzu, Tokyo, Japan), the RTP and
RLS spectra were recorded on an F-4600 (Hitachi, Tokyo, Japan) and
the measurements were performed with excitation wavelength at
316 nm equipped with a plotter unit and a quartz cell (1 cm × 1 cm)
in a variety of modes. The acidity was measured with a Sarto-
rius PB-10 pH meter (Sartorius, Dietikon, Switzerland). The X-ray

diffraction (XRD) spectra were collected on a Shimadzu XRD-6000
diffractometer with Cu K� radiation. Fourier transform infrared
(FT-IR) spectra (4000–400 cm−1) in KBr were recorded on a Nicolet-
6700 spectrometer (Nicolet, Madison, WI, USA). The morphology
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F �L every time). The Insets show the corresponding colors at different concentration of
A sphorescence emission of AF MnD ZnS QDs with and without TNT (B).
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ig. 2. UV–vis spectra of the TNT (1 mM, 3 mL) anion compounded with APTES (50
PTES. Colorless (APTES, 0 �L) and red (APTES, 250 �L) (A). The decay curves of pho

nd microstructure of the QDs were characterized by high resolu-
ion transmission electron microscopy (HRTEM) on a JEM-200CX
JEOL, Tokyo, Japan) microscope operating at a 200 kV accelerat-
ng voltage. The samples for TEM were obtained by drying sample
roplets from water dispersion onto a 300-mesh Cu grid coated
ith a lacey carbon film, which was then allowed to dry prior to

maging. The mineral ions of real water sample were analyzed by
LAN 9000 ICP-MS (PerkinElmer, USA).

.4. Spectroscopic measurement

Spectral measurements were carried out with excitation and
mission slit width of 10 nm and 20 nm for phosphorescence mode
nd both of 10 nm for synchronous mode, respectively. Photomulti-
lier tube voltage, 400 V and 950 V were used for synchronous and
hosphorescence, respectively. Phosphorescence at an emission
avelength of 580 nm was monitored at an excitation wavelength

t 316 nm, and RLS spectra were recorded by scanning simultane-
usly the excitation and emission monochromators (�� = 0) of the
-4600 spectrophotometer.

.5. Analysis of water sample

The water samples were collected in a pre-cleaned glass bot-
le from local rivers and lakes. The samples were filtered through
.45 �m Supor filters and stored in refrigerator. Because no TNT

n the collected water samples was detectable by the proposed
ethod, a recovery test was carried out on the samples spiked with

0, 75 and 100 nM TNT to evaluate its reliability after the pH of
ltered water sample was adjusted to 7.5.

. Results and discussion

.1. RTP quenching mechanism of AF MnD ZnS QDs

TNT is typically electron-deficient due to the strong electron
ithdrawing effect of nitro groups, a charge transfer complexing

nteraction takes place between the electron-deficient aromatic
ing of TNT and electron-rich amino group to form TNT anion in
olution [32]. The generation of TNT anion can strongly absorb the
isible light, leading to the change of solution color (see Inset in
ig. 2A), this phenomenon was firstly observed by Janovsky and
rb in 1886 [33]. TNT anion may quench the emission of the QDs
ith the band gap close to the absorption band edge of TNT through

charge transfer process [25]. The UV absorption band of the TNT
nion is approaching the band gap of the Mn doped ZnS QDs from
he absorption spectra of Mn doped ZnS QDs [19]. The charge at
he conductive band of the QDs can directly transfer to the LUMO
Fig. 3. FT-IR spectra of AF MnD ZnS QDs before (curve 1) and after (curve 2) TNT
assembled on its surface.

of the ultraviolet band of the TNT anion. Moreover, because the vis-
ible absorption wavelengths of TNT anion (at 465 nm and 525 nm)
are much shorter than the emission wavelength of 4T1 to 6A1 tran-
sition of Mn2+ (at 580 nm) but longer than the emission wavelength
of Mn doped ZnS QDs (at 430 nm), the electrons may also transfer
from the conductive band and defect band to the LUMO of visible
band of the TNT anion. Such mechanism has also been reported
by several research groups [19,21,24]. Besides, due to the overall
overlap at 580 nm and partial overlap of other absorption bands of
TNT anion with the emission of AF MnD ZnS QDs, the fluorescence
resonance energy transfer (FRET) also possibly contributed to the
quenching of emission of AF MnD ZnS QDs.

To ascertain the interaction between AF MnD ZnS QDs and TNT
molecule, FT-IR spectra of AF MnD ZnS QDs before (curve 1) and
after (curve 2) TNT assembled on its surface were compared in Fig. 3.
The curve 2 displayed clearly the characteristic peaks including the
aromatic rings at 1540 cm−1 and nitro groups at 1350 cm−1. Com-
pared with the curve 2, curve 1 displayed the characteristic peaks
of amino groups at the range of 1390–1470 cm−1 [34]. The change
of 1390–1470 cm−1 band, as well as the disappearance of N–H bent
vibration at 3335 cm−1 on the curve 2 indicated that the amino
group was involved in the formation of the TNT anion [35]. More-
over, such interactions were also investigated by monitoring the
phosphorescence emission decay. It is found that in the presence
of TNT the phosphorescence intensity of AF MnD ZnS QDs decreased
but emission lifetime of AF MnD ZnS QDs did not undergo any evi-
dent variation (see Fig. 2B), indicating that TNT led to the formation

of anion with AF MnD ZnS QDs without affecting the decay kinet-
ics of radiative and nonradiative processes. Our RLS spectra (see
Fig. 6B) also confirmed the formation of anion between AF MnD
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F nS QDs (B). TEM images of MPTS capped (C) and AF (D) MnD ZnS QDs. HRTEM images of
M D and D are 10, 50, 5, 30 and 10 nm, respectively.
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ig. 4. XRD patterns of MPTS capped MnD ZnS QDs (A). SAED patterns of AF MnD Z
PTS capped (Inset C) and AF (Inset D) MnD ZnS QDs. Scale bars in B and C, Inset C

nS QDs and TNT. As for other nitro aromatic compounds, the lack
f nitro group results in the lack of positive charge in benzene ring,
hich confined the formation of TNT anion.

.2. Preparation and characterization of the AF MnD ZnS QDs

AF MnD ZnS QDs was prepared through the use of silane cou-
ling agents in the first step. Mercapto groups of MPTS tightly
ttached onto the surface of the bare Mn doped ZnS nanocrystals
nd hydroxyl groups of MPTS formed active layer of silica via inter-
olecular dehydration. Then sol–gel reaction of TEOS co-deposited
ith APTES on the surface of such active layer of silica. The XRD pat-

ern of AF MnD ZnS QDs exhibited a cubic structure with peaks for
3 1 1), (2 2 0) and (1 1 1) planes (see Fig. 4A). The HRTEM image
evealed MPTS capped MnD ZnS QDs with spherical shape and
lmost uniform size in diameter about 5 nm (see Fig. 4C), which was
mbedded in a larger particle with the size of ∼16 nm as revealed
y the TEM images (see Fig. 4D). The selected area electron diffrac-
ion (SAED) patterns of the AF MnD ZnS QDs (Fig. 4B) shows the
uter diffraction rings of the cubic structure of these AF MnD ZnS
Ds polycrystallites. The –CH2– (∼2930 cm−1), strong and broad
eak Si–O–Si (∼1060 cm−1) and Si–O vibration (789 and 459 cm−1)
xisting in the FT-IR spectra of MPTS capped MnD ZnS QDs indicated
he MPTS covalently interacted onto the surface of nanocrystals
hrough thiols [21]. Moreover, N–H (∼3335 and 1390–1470 cm−1)
xisting in the FT-IR spectra of AF MnD ZnS QDs manifested suc-
essful APTES functionalization of MPTS capped MnD ZnS QDs via
ol–gel reaction (Fig. 4). The nanocrystals can keep monodispersion
ut not aggregation for months in aqueous solution.

.3. Emission characteristics of the AF MnD ZnS QDs

AF MnD ZnS QDs displays bright orange fluorescence in a UV

amp box (see Inset (left) in Fig. 5), suggesting a relatively high
uantum yield of Mn2+ transition emission (4.6%, rhodamine B
s reference). MnD ZnS QDs is one kind of the most interesting
anometer luminescent materials, which can emit weak blue flu-
Fig. 5. Fluorescence (curve 1) and phosphorescence (curve 2) spectra of 400 mg/L
AF MnD ZnS QDs aqueous solution. Insets are the photograph of 400 mg/L AF MnD
ZnS QDs in a UV lamp box (left) and the decay curve of phosphorescence (right).

orescence and strong orange RTP while the spectrofluorometer
setting as fluorescence and phosphorescence modes, respectively.
The fluorescence and RTP emission curves are shown in Fig. 5.
The fluorescence emission at 430 nm is ascribed to a defect-related
emission [19,24] and disappears in the phosphorescence mode. The
observed orange emission at 580 nm (both RTP and fluorescence
modes) is known to originate from the 4T1 to 6A1 transition of Mn2+

impurities incorporated into the ZnS host lattice excited via energy
transfer from the ZnS host [15]. The phosphorescence lifetime of
2 ms for the synthesized AF MnD ZnS QDs was evaluated from the
decay curve of its phosphorescence emission (see Inset (right) in
Fig. 5).

3.4. RTP and RLS spectra of TNT titrating AF MnD ZnS QDs
To explore the potential applications of the AF MnD ZnS QDs,
the effects of TNT on the RTP and RLS spectra of the AF MnD ZnS
QDs were investigated simultaneously. The results shown in Fig. 6A
indicate that the 4T1 to 6A1 transition gradually reduced with the
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ig. 6. TNT concentration-dependent phosphorescence (A) and RLS (B) spectra of
ime).

NT being injected into the QDs aqueous solution. Compared with
eported emission quenching [19,34], our AF MnD ZnS QDs probe
eld equivalent signal-amplified output which made the devel-
ped method also ultrasensitive in monitoring TNT analyte down
o nanomolar levels (see Section 3.7). The signal change of RLS
howed in Fig. 6B. RLS mechanism lies in non-homogeneous phase
ize effect caused by incorporation or polymerization of particles
n system. With TNT being added into aqueous system, the RLS sig-
al of AF MnD ZnS QDs became greater and greater, implying the

nteraction between AF MnD ZnS QDs and TNT.

.5. Selectivity of the AF MnD ZnS QDs-based RTP method

The RTP quenching followed the Stern–Volmer equation
howed in Eq. (1):

I0
I

= 1 + KSVCq (1)

OA = KSV,
TNT

KSV,OA
(2)

here I0 and I are the phosphorescent intensities in the absence
nd presence of quenchers, respectively, Cq is the concentration
f the quencher, OA represents other nitro aromatic compounds
xcept for TNT, and KSV is the quenching constant of the quenchers.
he ratio (S) of KSV of TNT and other analytes was adopted to
valuate the selectivity of the materials. The same measurement
rocess replicated three times. The results were shown in Fig. 7A.
he KSV value for TNT, DNT, NT and 4-NP is 1.138, 0.451, 0.263
nd 0.116, respectively. The corresponding SDNT, SNT and S4-NP
alue is 2.52, 4.33 and 9.78, respectively, which indicated that
ur luminescent probe possesses excellent selectivity for TNT, and
herefore can sense TNT in environmental and biological sam-
les ultraselectively without the interferences from other nitro
romatic compounds. The electron-deficient nitroaromatic species
an be absorbed onto the surface of electron-rich ligands-capped
anocrystals. Therefore, the amine-capped nanocrystals have a
tronger affinity to nitroaromatic species than MnD ZnS QDs@SiO2
anocrystals, leading to a higher quenching ratio of Mn transition
mission at same concentration of nitroaromatic species. More-
ver, the resultant anion species may increase the charge-transfer
athways from the nanocrystals to nitroaromatic analytes, there-
ore further enhance the quenching efficiency of phosphorescence.
ig. 7B shows the Stern–Volmer curves of nitroaromatic and nitro-
henol species titrating MnD ZnS QDs@SiO2 nanocrystals. The KSV

alue for TNT, DNT, NT and 4-NP are 0.293, 0.191, 0.138 and 0.09,
espectively. Which are 0.258, 0.424, 0.523 and 0.781-fold those
or AF MnD ZnS QDs, respectively. The above results indicated the
PTES as capped reagents can enlarge the spectral sensitivity and
MnD ZnS QDs (10 �L of TNT stock solution was injected into QDs solution every

enhance phosphorescence response of nanocrystals to the electron-
deficient nitroaromatic and nitrophenol species.

To learn the high selectivity of the present probe for TNT, the
UV–vis spectra and colorimetric visualization were also performed
in order to investigate the interaction of APTES with TNT. As shown
in Fig. 2, while APTES was injected into TNT ethanol solution, new
absorption bands was observed, the peak absorption lay in 465 nm,
525 nm and weaker band ranged from 600 to 700 nm, and the
absorption peak gradually increased with the persistent addition
of APTES, which implied the generation of third phase in solution,
namely, the formation of TNT anion. Meanwhile, the photographs of
APTES titrating the TNT ethanol solution were taken and displayed
the change of system color before and after the addition of TNT (see
Inset in Fig. 2). To clarify the selectivity of APTES for TNT over other
nitro aromatic compounds, such as DNT, NT and 4-NP, the analo-
gous experiments were also performed between APTES and these
aromatic compounds. The change of system color happened at the
injection of 20 �L APTES, with very strong absorption at 465 nm
and 525 nm measured. Whereas, even the concentration of nitro
aromatic compounds was high to 100 mM while containing 250 �L
APTES, there were no new absorption bands between 450 nm and
800 nm, and no change of system color was observed. Therefore,
APTES clearly exhibited excellent selectivity for TNT over DNT, NT
and 4-NP.

3.6. Figures of merit of AF MnD ZnS QDs-based RTP probe

The AF MnD ZnS nanocrystals display a relatively strong flu-
orescence brightness, and the amino ligands at the surface of
nanocrystals have a high affinity to TNT molecules. Thus it can be
expected the nanocrystal sensor to detect the ultratrace TNT ana-
lyte in solution. The concentration of the AF MnD ZnS nanocrystals
about 400 mg/L was used to evaluate the lowest detection ability
toward TNT through the addition of TNT into solution containing
probe causing the detectable decrease in fluorescence intensity. A
50 nM TNT in AF MnD ZnS QDs aqueous solution was detected as 8%
decrease in the fluorescence intensity (three replicate detection).
In general, about 5% decrease in fluorescence intensity is used as a
detectable standard as in fluorescence method. Therefore, the low
detection limit of the TNT analyte testified that the AF MnD ZnS
nanocrystals have a strong enriching effect to the ultratrace TNT
in solution, and the resultant TNT anions have a high quenching
ability to the Mn2+ transition emission.

The AF MnD ZnS QDs have distinct linearly RTP quenching

toward TNT in the concentration range of 0.05–1.8 �M with a cor-
relation coefficient of 0.9902 and a linear regression equation of
�I = 650.23C + 37.31 (where C is the concentration of TNT in �M, �I
is the error of original with instant phosphorescence intensity). The
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ig. 8. Fluorescence (curve 1) and phosphorescence (curve 2) spectra of real rivers
r lakes water matrix.

recision for five replicate detections of 0.1 �M TNT was 3.5% (RSD).
ven though RTP-based analytical method is a method featuring
uch evident advantages and disadvantages, the most important

dvantage of RTP over fluorescence, the avoidance of the interfer-
nce from autofluorescence and scattering light, was expected for
he analysis of complex biological and environmental samples in
rder to lessen tedious sample pretreatment procedures.

.7. Application of the AF MnD ZnS QDs for RTP sensing TNT in
queous solution

The proposed AF MnD ZnS QDs-based RTP method was applied
o determine TNT in local rivers and lakes water samples. The dif-
erence in the background of a real water matrix were shown in
ig. 8 while the detection modes being set as fluorescence and
hosphorescence. No RTP but significant fluorescent background
as observed for the real water sample. Such fluorescent back-

round may result from the fluorescent matrix or scattering light
f the samples [21]. Moreover, this RTP sensor gave excellent
electivity for detecting TNT in the presence of metal ions and
rganic compounds in real water sample. Quenching of the RTP
ue to the addition of TNT at 0.1 �M was unaffected by 1000-
old excesses of Li+ (0.102 mg/L), Na+ (14.53 mg/L), K+ (3.667 mg/L),

g2+ (0.221 mg/L), Ca2+ (25.12 mg/L), Sr2+ (0.095 mg/L) and Al3+

0.023 mg/L) (the data in bracket represent their real concentra-
ion). Fulvic acid as the representative of organic compounds was
ermitted at saturated solution of pH 7.5, without interference
ith the detection of TNT. The quantitative recoveries were 105.8%,

02% and 96.5%, respectively, for the rivers and lakes water spiked

ith 50, 75 and 100 nM TNT. To demonstrate the potential utility

f the present method for real samples, two river water samples
piked by mixtures of TNT, DNT, NT and 4-NP with different con-
entration, that is, 0.1, 1.0, 1.0, 1.0 �M and 0.3, 2.0, 2.0, 2.0 �M,

[
[
[
[

Concentration/μM

Ds@SiO2 (B) probes for TNT over other nitro aromatic compounds.

respectively, were also analyzed for TNT. The concentrations of TNT
in the spiked river samples determined by the proposed method
were in good agreement with those of added TNT (determined
results are 0.103 ± 0.01 and 0.32 ± 0.02, respectively), along with
the quantitative recovery 103% and 106%, demonstrating the poten-
tial applicability of AF MnD ZnS QDs for the determination of TNT
in real samples.

4. Conclusions

In summary, AF MnD ZnS QDs were prepared to be firsyly
through the use of silane coupling agents to form an active layer
of silica, then sol–gel reaction of TEOS co-deposited with APTES on
the surface of resultant MPTS capped MnD ZnS QDs. The developed
AF MnD ZnS QDs-based RTP quenching methods can simply, sensi-
tively, and selectively detect ultratrace TNT in water. Although the
research on nanocrystal-based RTP chemosensor is in its infancy,
the obtained results confirmed the possibility without tedious
sample pretreatment procedures, implying a great potential for
the design and synthesis of nanometer devices and machines for
the analysis of complex biological and environmental samples.
Endeavors to explore the application of RTP device are currently
in progress.
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