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ABSTRACT: A highly water stable and strong upconversion (UC) luminescence
NaYF4@PSI−NH nanosensor for the simultaneous and selective detection of 2,4,6-
trinitrotoluene (TNT) and 2,4,6-trinitrophenol (TNP) was successfully developed. Via
the 980 nm near-infrared (NIR) irradiation, these nanosensors emit strong white UC
luminescence with five typical emission peaks centered at 363, 455, 475, 546, and 654
nm. The UC emission at both 363 and 546 nm was quenched by the addition of TNT;
however, the ratio of luminescence intensity at 363 nm to 546 nm (I363/I546) had no
change with the increase of TNT concentration. Meanwhile, only violet UC emission at
363 nm was dramatically quenched via the addition of TNP, and the I363/I546 ratio is
negatively proportional to the TNP concentration in the range of 0.01−4.5 μg/mL of
TNP. On the other hand, the green UC emission intensity at 546 nm is in negative
proportion to the concentration of TNT. Moreover, cyclohexane, toluene, and other
nitroaromatics (such as 2,4-dinitrotoluene (DNT) and nitrobenzene (NB)) have no influence on the detection. Therefore, we
developed a facile method for the simultaneous and selective detection of TNT and TNP in the mixture solution of
nitroaromatics independent of complicated instruments and sample pretreatment.
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■ INTRODUCTION

Nitroaromatics, including 2,4,6-trinitrotoluene (TNT)1 and
2,4,6-trinitrophenol (TNP),2 are usually used as explosives in
landmines for terrorist attack, military operation, and mines.
Because of their biological persistence, toxicity, and muta-
genicity, contamination of soil and groundwater with TNT and
TNP has drawn widespread attention. Rapid, sensitive, and
selective detection of TNT and TNP traces in aqueous
environments has gained increasing concern, because these
nitroaromatics are toxic to many organisms, ranging from
plants to humans, and are closely related to homeland security
and public safety.3−10 Nitroaromatics such as 2,4-dinitrotoluene
(DNT), nitrobenzene (NB), and especially TNP often interfere
with the detection of TNT and give a false positive result.2,11,12

To date, various methods including liquid chromatography−
mass spectrometry (LC-MS), gas chromatography−mass
spectrometry (GC-MS), solid-phase microextraction (SPME),
high-performance liquid chromatography (HPLC), surface-
enhanced Raman spectroscopy (SERS), and ion mobility
spectrometry method have already been proposed to assay
TNT.4,5,13−18 However, these technologies rely mainly on
complicated instruments and usually are time-consuming. In
recent years, because of the novel property and simplicity,
fluorescence-based sensors (especially quantum dots (QDs)
and rare-earth doped nanomaterials) have drawn great
attention and been extensively investigated for the selective

and sensitive detection of TNT.3,7,19−21 In order to enhance
the selectivity of TNT detection, molecularly imprinted
polymers (MIPs) and immunoassays were also developed for
the analysis of TNT.10,22,23 Despite the significant advantages
that have been made for the detection of TNT, up to now, the
differentiation of TNP and TNT is still a challenge because of
their highly similar chemical structures and properties.1,2

Therefore, it is still a challenge to develop a novel and facile
strategy for the simultaneous and selective detection of TNT
and TNP in the mixture nitroaromatic solution independent of
expensive instruments and complicated sample pretreatment.
Herein, we developed a facile and rapid strategy for the

simultaneous and selective detection of TNT and TNP in the
mixed aqueous solution of nitroaromatics based on the white
upconversion (UC) luminescence nanocrystals. As reported by
Zhang,12,15,24 TNT can dramatically quench the green
luminescence after forming a TNT−amine complex. On the
other hand, TNP has a very strong absorption of violet instead
of green light, which can selectively quench the violet
luminescence located at 365 nm.2 By co-doping Yb3+, Er3+,
and Tm3+ ions, NaYF4 upconversion nanoparticles
(UCNPs)25−30 can emit strong white UC luminescence with
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strong and sharp emission peaks at 349 nm (Tm3+: 1D2→
3H6), 363 nm (Tm3+: 1D2→

3H6; Er
3+: 2G9/2→

4I15/2), 412 nm
(Er3+: 4H9/2→

4I15/2), 455 nm (Tm3+: 1D2→
3F4; Er

3+: 4F5/2→
4I15/2), 479 nm (Tm3+: 1G4→

3H6; Er
3+: 4F7/2→

4I15/2), 546
nm (Er3+: 4S3/2→

4I15/2) and 661 nm (Er3+: 4F9/2→
4I15/2;

Tm3+: 1G4 → 3F4), respectively (see Figure S1a in the
Supporting Information).31−40 In addition, the luminescence
quantum yield of NaYF4 UCNPs is usually in the range of
0.005%−0.3%.41 It should be mentioned that, despite so many
emission peaks, only the luminescence at 363 and 546 nm was
investigated in this work. To make the formation of TNT−
amine complex, the as-prepared hydrophobic UCNPs were
successfully modified with oleylamine-conjugated polysuccini-
mide (PSI−NH)42 and transferred into water via a modified
strategy.

■ EXPERIMENTAL SECTION

Reagents and Chemicals. TNT and TNP were kindly
supplied by National Security Department of China and
recrystallized with ethanol before use. The white UC
luminescence NaYF4 nanocrystals and the oleylamine mod-
ification of polysuccinimide (PSIOAM) were carried out
according to our previous work.1,42 Y(NO3)3·6H2O, Er-
(NO3)3·6H2O, and Yb(NO3)3·6H2O (>99.9% purity) were
purchased from Beijing Ouhe Chemical Reagent Company. All
other reagents are analytical grade and used as received without
further purification. DNT and NB were purchased from
Aladdin Chemistry Co., Ltd. (China). The polysuccinimide
(PSI)1,42 was obtained from Shijiazhuang Desai Chemical
Company and functionalized with oleylamine to form the
amphiphilic PSI-NH. The oleic acid, sodium stearate, 1-
octadecene, and oleylamine were purchased from Aldrich and
used for the preparation of UCNPs. The stock solution of the
four nitroaromatics was prepared by dissolving them into the
mixed solvent of acetonitrile and ethanol (volume ratio = 1:4),
respectively. NaOH, chloroform, ethanol, acetonitrile, cyclo-
hexane, toluene, NaHCO3, Na2CO3, NaAc, HAc, Na2HPO4,
and NaH2PO4 were received from Beijing Chemical Factory
(China).
Characterization. The shape and size of the UC NaYF4

nanocrystals before and after coating with PSIOAM were
characterized by a Model H-800 transmission electron
microscope (TEM) with a tungsten filament at an accelerating
voltage of 100 kV. A Shimadzu Model XRD-7000 X-ray
diffractometer, which employed Cu Kα radiation with a
wavelength of λ = 1.5418 Å was used to record the X-ray
diffraction (XRD) pattern. The infrared (IR) spectra were
recorded on a Rigaku PLUS spectrometer (Tokyo). The
absorption spectra were conducted on a UNICO Model
2802PC spectrophotometer with a spectral window range of
300−700 nm. The photoluminescence measurements were
performed on a Model F-4600 spectrophotometer (Hitachi,
Japan) with a 980-nm diode laser (Hi−Tech Optoelectronic
Co. Ltd). Thermogravimetric analysis (TGA) was carried out
via a simultaneous thermal analyzer (Model TGA/DSC 1/
1100, SF Mettler−Toledo).
Surface Functionalization of UCNPs. The white UC

luminescence NaYF4 nanocrystals and the oleylamine mod-
ification of polysuccinimide (PSIOAM) were carried out
according to our previous work (see the Supporting
Information).1,32,42 Amine functionalization of the UCNPs
was conducted via a facile microemulsion method.43 Briefly, 1.0

mL of chloroform solution containing PSI−NH (54 mg) and
NaYF4:Yb

3+/Er3+/Tm3+ UCNPs (2.25 mg) was added into 10
mL of NaOH (0.1 M) aqueous solution under ultrasonication
and magnetic stirring. The hydrophilic nanocrystals were
obtained and stored in deionized (DI) water for use after
evaporating the chloroform. The final concentration of the
colloidal solution was 5.1 mg/mL.

2,4,6-Trinitrotoluene (TNT) and 2,4,6-Trinitrophenol
(TNP) Detection. Into each vial, 500 μL of the hydrophilic
NaYF4 UCNPs colloidal solution (5.1 mg/mL) was mixed with
different amounts of nitroaromatics and 1.0 mL of product was
obtained via the addition of NaOH−NaHCO3 buffer solution
(0.02 M, pH 12). The luminescence quenching effects were
carried out with the irradiation of a 980-nm diode laser.

■ RESULTS AND DISCUSSION
As shown in Scheme 1, the imide-enriched UCNPs with white
UC luminescence were used for the simultaneous and selective

detection of TNT and TNP via the selective quenching of the
UC luminescence. From Figure S1a in the Supporting
Information, it is clear that these UCNPs can emit the white
luminescence with multiple emission peaks at 349 nm (Tm3+:
1D2 →

3H6), 363 nm (Tm3+: 1D2 →
3H6; Er

3+: 2G9/2 →
4I15/2),

412 nm (Er3+: 4H9/2 → 4I15/2), 455 nm (Tm3+: 1D2 → 3F4;
Er3+: 4F5/2 →

4I15/2), 479 nm (Tm3+: 1G4 →
3H6; Er

3+: 4F7/2 →
4I15/2), 546 (Er

3+: 4S3/2 →
4I15/2), and 661 (Er3+: 4F9/2 →

4I15/2;
Tm3+: 1G4 →

3F4) nm, respectively. Because of the absorption
of TNP at 365 nm (Figure S1b in the Supporting Information),
only the violet (363 nm) UC luminescence of the NaYF4@
PSI−NH UCNPs was dramatically quenched, and no influence
on the green UC emission at 546 nm was observed. However,
because of the wide absorption in the range of 350−600 nm by
TNT (Figure S1b in the Supporting Information), the UC
luminescence at both 363 and 546 nm was quenched gradually

Scheme 1. Scheme for the Simultaneous and Selective UC
Luminescence Quenching Detection of TNT and TNPa

aThe digital photos were obtained from the NaYF4 NPs solution in
the presence of different nitroaromatics (4.5 μg/mL) under the
irradiation of a 980-nm diode laser. TNP quenched the 363 nm UC
emission only; TNT quenched both 363 and 546 nm UC
luminescence but the I363/I546 ratio remained stable. In the presence
of both TNP and TNT, the I363/I546 ratio was negatively proportional
to the concentration of TNP.
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with the increase of TNT concentration, and the I363/I546 ratio
remained unchanged. Herein, the I363 and I546 represent the
luminescence intensity at 363 and 546 nm, respectively. By
adding the mixture solution of TNT and TNP, the UC
emission at both 363 and 546 nm was decreased obviously and
the I363/I546 ratio was also decayed. Therefore, the linear
decrease of the green UC luminescence at 546 nm can be used
for the quantification of TNT, because TNP has no influence
on this green emission. On the other hand, the TNT has no
effects on the I363/I546 ratio, and the proportional decay of this
ratio is attributed to TNP. Thus, the ratio decay can be used for
the quantitative detection of TNP. Moreover, other nitro-
aromatics (including 2,4-dinitrotoluene (DNT) and nitro-
benzene (NB)) have no interference, because DNT and NB
have no absorption in the range of 350−600 nm (see Figure
S1b in the Supporting Information). The difference in the
absorption spectra of TNT, TNP, DNT, and NB in the
presence of NaYF4@PSI−NH gives rise to the good selectivity
of the as-developed method. Therefore, a novel upconversion
luminescence nanosensor was successfully developed for the
simultaneous and selective quantification of TNT and TNP in
the aqueous solution of mixture nitroaromatics.
The morphology and size distribution of the NaYF4 UCNPs

was observed via transmission electron microscopy (TEM).
From the TEM images shown in Figure 1, it is clear that the

particle size and shape of NaYF4 have no obvious change before
(Figure 1a) and after (Figure 1b) the surface functionalization.
In addition, no aggregation can be observed from the surface
functionalized UCNPs. As shown in the luminescence photos,
compared to the hydrophobic UCNPs dispersed in chloroform
(see inset of Figure 1a), the white UC luminescence of the
NaYF4@PSI−NH UCNPs dispersed in water was well-retained
(see inset of Figure 1b). In addition, the chemical composition
and crystallinity of the UC nanocrystals were further checked
via X-ray diffraction (XRD) and the results suggest that the
NPs are hexagonal-phase NaYF4 with good crystallinity (Figure
1c). Moreover, the PSI−NH coating was identified through the
Fourier transform infrared spectroscopy (FTIR) spectra
(Figure 1d). The characteristic peaks of lactam rings of PSI
at ∼1789 and 1708 cm−1 for CO and the carboxylic group at
∼1712 cm−1 cannot be observed from the spectrum of the as-

prepared hydrophobic NaYF4. However, the vibration
adsorption peaks of lactam rings42 were observed on PSI−
NH and weaken on the NaYF4@PSI−NH UCNPs, because
most of the lactam rings were hydrolyzed to carboxylic groups
during the nanoparticle surface modification, in agreement with
the peak of 1712 cm−1 in the spectrum of NaYF4@PSI−NH.
Other characteristic peaks in the spectrum of NaYF4@PSI−NH
are in accordance with those in the spectrum of PSI−NH,
further suggesting PSI−NH coating is successful. The PSI
coating is further characterized with the TGA results. As shown
in Figure S2, the weight loss of the PSI coated UCNPs is about
30% when the temperature is increased to 500 °C, and no
further weight loss is observed by increasing the temperature up
to 800 °C.
To investigate the feasibility of using these UCNPs as

luminescent sensors for the simultaneous and selective
detection of TNT and TNP, the luminescence quenching by
TNT and TNP was checked at different pH values. As shown in
Figure 2, in the absence of TNP, the luminescence at both 363

and 546 nm was almost unaffected by pH values. After the
addition of TNP, the luminescence of 363 nm was dramatically
quenched, but the quenching degree was not influenced by pH
values. Meanwhile, the TNP has no effects on the green UC
emission at 546 nm over the entire pH range of 4−14. Different
from TNP, the TNT has no influence on the 365 and 546 nm
luminescence in the range of pH 4−11. However, under strong
basic conditions (pH 12−14), the luminescence at both 365
and 546 nm was obviously quenched and the degree of
luminescence quenching was same in this pH range (12−14). It
can be attributed to the deprotonation of the methyl group of
TNT by the amide to form the colored TNT anion (see
Scheme S1 in the Supporting Information) that can absorb the
UC luminescence.12,15 In the current work, the simultaneous
and selective analysis of TNT and TNP was conducted at pH
12.
As a sensor for the simultaneously selective and sensitive

detection of TNT and TNP in the mixture solution, rapid
response to the target nitroaromatic is in high demand.
Therefore, the influence of incubation time on the
luminescence intensity was also investigated. As shown in
Figure 3 (a1 and a2), the luminescence at both 363 and 546 nm
was quenched instantly with the addition of TNT at pH 12.
Meanwhile, by prolonging the incubation time to 4 h, the
luminescence intensity was almost unchanged and the I363/I546
ratio had a slight fluctuation over the entire time range. In the

Figure 1. TEM images ((a) before and (b) after coating with PSIOAM),
(c) XRD spectra, and (d) FTIR spectra of the UCNPs.

Figure 2. pH influence on the UC luminescence intensity of the
UCNPs (2.55 mg/mL) at (a) 363 nm and (b) 546 nm. Buffer solution
and concentration: pH (4, 5), CH3COOH−CH3COONa (0.02 M);
pH (6−8), NaH2PO4−Na2HPO4 (0.02 M): pH (9−14), NaOH−
Na2CO3−NaHCO3 (0.02 M). Nitroaromatic solution and concen-
tration: TNT, 2.0 μg/mL; TNP, 2 μg/mL; TNT + TNP, 2 μg/mL + 2
μg/mL.
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case of TNP, the luminescence intensity at 363 nm was
quenched dramatically as soon as the TNP was added and
remained stable during the rest of the 4 h. Meanwhile, the
green luminescence at 546 nm was not quenched (Figure 3b1),
and the I363/I546 ratio had a change similar to that of I363 (see
Figure 3b2). As depicted in Figures 3c1 and 3c2, by adding the
mixture of TNT and TNP into the UCNPs colloidal solution,
the values of I363, I546, and I363/I546 decreased instantly and
remained stable during the rest of incubation time, respectively.
These phenomena demonstrate that the UCNPs-based
luminescence detection method is very rapid, and stable over
a long period of time.
As shown in Figure 4a, the relative luminescence intensity of

hydrophilic NaYF4 NPs at 363 nm and 546 nm decayed linearly
with the increase of the TNT concentration in the range of
0.01−4.5 μg/mL (see Figures 4a1 and 4a2) and the I363/I546
ratio remained stable with the addition of TNT (Figure 4a3).
Meanwhile, the luminescence spectra of the UCNPs also
demonstrated that the luminescence intensity decreased step by
step at both 363 and 546 nm by increasing the concentration of
TNT at pH 12. In the case of TNP, the UC luminescence
intensity at 363 nm was quenched dramatically and propor-
tionally with the increase of TNP concentration in the range of
0.01−4.5 μg/mL. The luminescence at 546 nm, however, was
hardly influenced (see Figures 4b1 and 4b2). Therefore, the
I363/I546 ratio versus the TNP concentration plot has a decay
trend similar to that of the luminescence at 363 nm (see Figure
4b3). We then checked the evolution of luminescence intensity
by adding a series concentration of the mixed solution of TNT
and TNP, and the results are shown in Figure 4c. By increasing
the concentration of TNT and TNP, the relative luminescence
intensity at 363 and 546 nm, and the I363/I546 ratio were all
decayed linearly to the concentration of nitroaromatics in the
range of 0.01−4.5 μg/mL. A calibration function of I546 =
1547.5 − 66.1C (n = 12) with good linearity (R2 = 0.9754) for
the TNT analysis in the mixed solution of TNT and TNP was
obtained (Figure 4c2). Meanwhile, the decrease in the I363/I546
ratio was attributed to the presence of TNP and the good

linearity (R2 = 0.9955) with a calibration function of I363/I546 =
1.87 − 0.15C (n = 12) can be used for the quantitative
detection of TNP (Figure 4c3). Moreover, the 3σ limits of
detection for TNT and TNP were 8.4 and 9.6 ng/mL,
respectively. Herein, C is the concentration of nitroaromatics
(μg/mL), and n is the number of datum points on the line.
To illustrate the good selectivity of this newly developed

method, effects of DNT and NB on the UC luminescence were
further investigated and the results are shown in Figure 5. After

adding a given concentration of DNT or NB into the solution
of hydrophilic NaYF4 UCNPs colloidal solution, the UC
luminescence spectra were carried out with the irradiation of a
980-nm diode laser. As shown in Figure 5, the relative UC
luminescence intensity at 363 and 546 nm, and the I363/I546
ratio, were all unchanged in the range of 0.01−4.5 μg/mL of
DNT or NB. The results suggest that DNT and NB have no
influence on the TNT and TNP analysis. The influence of

Figure 3. Effects of incubation time on the UC luminescence at 363
nm, 546 nm, and the I363/I546 ratio in the presence of (a1 and a2)
TNT (2.0 μg/mL), (b1 and b2) TNP (2.0 μg/mL), and (c1 and c2)
TNT (2.0 μg/mL) + TNP (2.0 μg/mL). UCNPs: 2.55 mg/mL.

Figure 4. Luminescence evolution of the hydrophilic NaYF4 UCNPs
(2.55 mg/mL) colloidal solution in the presence of various
concentration of (a1) TNT, (b1) TNP, and (c1) TNT/TNP; also
shown are corresponding calibration curves of UC luminescence
intensity at 363 and 546 nm versus explosive concentration for (a2)
TNT, (b2) TNP, and (c2) TNT/TNP, and calibration curves of the
I363/I546 ratio versus the concentration of (a3) TNT, (b3) TNP, and
(c3) TNT/TNP.

Figure 5. Effects of (a1−a3) DNT and (b1−b3) NB on the UC
luminescence at 363 and 546 nm. UCNPs (2.55 mg/mL).
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cyclohexane and toluene was also investigated and no effects on
the detection of TNT and TNP were observed (see Figure S3
in the Supporting Information). The optical photos of the
UCNPs colloidal solution in the presence of different amount
of TNT or TNP also have been shown in Figure S4 in the
Supporting Information. The selectivity and applicability of this
method was further proved through the analysis results on the
mixed samples of these four nitroaromatics (Table S1 in the
Supporting Information). All of these results demonstrate that a
novel method has been successfully developed for simultaneous
selective and sensitive luminescence detection of TNT and
TNP in a mixed solution of nitroaromatics.
To further note the advantages of our work, we compared

this strategy with other publications on UCNPs luminescence
detection of nitroaromatics in Table 1 and with recent papers

for detection of nitroaromatics by other methods in Table 2.
The comparison suggests that the developed method truly own
its advantage for the simultaneous and selective detection of
TNT and TNP in mixture aqueous samples.

■ CONCLUSION
In brief, we have developed a facile and rapid method to
fabricate the hydrophilic NaYF4 UCNPs with white upconver-
sion (UC) luminescence by means of PSIOAM coating. Because
of the strong charge-transfer complexing interaction between
TNT and PSIOAM, the anionic form of TNT can absorb the
luminescence at both 363 and 546 nm, and the I363/I546 ratio is
kept stable. As the TNP concentration progressively increased,
only the luminescence intensity at 363 nm decreased and the
I363/I546 decay was attributed to the addition of TNP. So, we
can quantitatively detect TNT via the calibration function of
the luminescence intensity at 546 nm versus the concentration
of TNT. Meanwhile, the calibration function of the I363/I546
ratio versus the concentration of TNP can be used for the
quantification of TNP. Therefore, based on the novel UCNPs,
a facile and rapid method has been successfully developed for
the simultaneous, selective, and sensitive detection of TNT and
TNP from the mixture solution of nitroaromatics, independent

of complicated instruments, immunoassays, or molecularly
imprinted technologies.
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