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ABSTRACT: Chemical sensors based on fluorescent quantum dots have
attracted intense interest because of their excellent optical and electronic
properties compared to the routinely employed fluorescent organic dyes.
This study reports a CdSe QD-polymer-based luminescent chemosensor,
which is based on an array containing either green-emitting or red-
emitting CdSe QDs embedded in polycaprolactone as a polymer host
matrix. We evaluate the sensing capability of the nanocomposites by
exposing both sensors to vapors of explosive taggants, explosive-like
molecules, and some common solvents. Both nanocomposites exhibit a
very fast response time of <30 s. The limit of detection of the sensors for
3-nitrotoluene, 4-nitrotoluene 2,3-dimethyl-2,3-dinitrobutane, and picric
acid was found to be 0.055, 2.7, 0.7 and 916.4 ng, respectively. The sensor
array constitutes a powerful tool to discriminate between explosive
taggants (3-nitrotoluene, 4-nitrotoluene, and 2,3-dimethyl-2,3-dinitrobu-
tane) and shows specific molecular recognition toward picric acid. This type of miniaturized luminescent QD-based nanocomposites
might form the basis of a sensing platform technology to perform effective chemical detection and identification of explosive taggants
preblast and postblast.
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■ INTRODUCTION

The development of selective, sensitive, and fast detection
sensors to detect explosives and explosive-like molecules is
necessary to safeguard in areas such as public security,
environmental safety, human health, forensic research, and
anti-terrorism operations.1,2 However, the vapor-phase detec-
tion of nitro explosives such as picric acid (PA) and 2,4,6-
trinitrotoluene (TNT) is challenging because most of them
have an extremely low vapor pressure at ambient temperature
(PA = 5.8 × 10−9 mmHg; TNT = 5.50 × 10−6 mmHg at 25
°C). For that purpose, the addition of explosive taggants with a
higher vapor pressure (10−2 to 10−3 mmHg at 25 °C) is
mandatory to improve the detection of all manufactured
explosives.3 For instance, the three isomers of nitrotoluene are
used as taggants for TNT,4,5 whereas 2,3-dimethyl-2,3-
dinitrotoluene is used as a taggant in plastic explosives such
as C-4 (91% RDX) and Semtex (40−76% PETN).6−8

Trained dogs9 and several instrumental techniques such as
gas chromatography−ion mobility spectrometry,10 surface-
enhanced Raman spectroscopy,11 gas chromatography−mass
spectrometry,12 X-ray diffraction,13 and electrochemical
methods14 have been employed to detect and quantify
explosives. Although these analytical methods show good
selectivity and sensitivity, most of them have many drawbacks

such as time-consuming processes and expensive, complex, and
cumbersome instrumentation, which limit on-field sam-
pling.15,16

Good selectivity, sensitivity, and short response time
combined with profitability, robustness, and portability
enabling easier use in the field are the desirable properties
that an explosive sensor should have.17 In the last few years,
chemical sensors based on optical transduction mechanisms
such as absorbance and fluorescence have been used to detect
explosives due to their ease of incorporation in portable
devices and high sensitivity.18 Recently, we reported two
molecularly imprinted polymer (MIP) nanocomposites to
identify and quantify trace amounts of explosive taggants in the
vapor phase. One sensing platform was based on Ag
nanoparticles (NPs) embedded in the PEI as a polymer
matrix and 3-nitrotoluene (3-NT) as a template to generate
specific molecular recognition sites for detecting and
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quantifying 3-NT vapors. As a result, the sensor combined the
localized surface plasmon resonance of the Ag NPs with the
high selectivity of the MIP. Although the chemosensor
exhibited a low limit of detection (LOD) and high selectivity,
the response time of the sensing platform was too slow.
Consequently, their application would be limited to specific
fields, such as sentinels in cargo ship containers.19 The other
gas sensor system consisted of two fluorescent molecularly
imprinted nanocomposites based on CsPbBr3 nanocrystals
embedded in polycaprolactone (PCL) as a host matrix using 3-
NT and nitromethane (NM) as template molecules for sensing
and quantifying trace amounts of 3-NT. These sensors
combined the optical properties of the CsPbBr3 nanocrystals
and the high selectivity provided by the MIP to show a strong
and very fast response after exposure with a low LOD.20 Other
fluorescent materials including conjugated polymers,16 metal−
organic frameworks,21 quantum dots (QDs),22 nanofibrous
materials,23 MIP nanocomposites,24 hybrid perovskites,25

among others,26 were also employed to detect trace amounts
of explosives or explosive taggants due to their advantages such
as short response time, real-time response, low LOD, and high
selectivity.27

Explosive sensors based on QDs have been studied because
of their excellent properties such as the high photo-
luminescence quantum yield, easiness in surface functionaliza-
tion with different ligands, size-tunable emission, and good
solution processability and photostability.28,29 Moreover, these
materials can be used in other applications such as photo-
detectors,30−32 light-emitting diodes,33 photocatalysts,34 and
solar energy converters.35 In order to increase the mechanical
properties and the stability of the solid-state QD sensors, the
QDs can be embedded in a polymer matrix and their
properties combined to achieve multifunctional materials.36−38

Moreover, the possibility of QD functionalization with the
desired ligands helps to obtain a homogeneous dispersion
inside the polymer and makes them an excellent active material
to build a sensing platform. The transduction mechanism of
the sensor is based on changes in the QD emission when
analytes interact with the QD surface. Because the PL of QDs
is very sensitive to any change in their surroundings, eventual
chemical or physical interactions between the analyte and the
QD surface may result in noticeable changes in the PL
parameters such as the peak wavelength, intensity, and
bandwidth.39 For that reason, QD nanocomposites have
been reported to sense humidity,40 temperature,41 metal
ions,42 amines,43 thiols,43 and nitro compounds,44,45 providing
fast response time and high selectivity and sensitivity.
Depending on the functionalization of the surface of the
QDs, the sensor’s sensitivity can also be improved.46 For
instance, Freeman and Willner47 synthesized NADH-capped
CdSe/ZnS QDs to detect 1,3,5-trinitrotriazine (RDX) in
solution with a LOD of 0.1 nM. The authors reported that the
Zn2+ ions of the QD shell could activate the reduction of the
RDX by NADH and transform it into the non-fluorescent
NAD+-CdSe/ZnS form. Komikawa et al.48 reported the
application of peptide-modified CdTe/CdS QDs in an
aqueous solution for TNT detection with high sensitivity
and selectivity; after a few seconds, the fluorescence quenching
can be observed by the naked eye. As can be observed, due to
the low volatility of the explosives, most of the research in the
state-of-the-art literature was based on solution detection.
Nevertheless, detecting explosives and explosive-like mole-

cules directly on-field is vital to developing optical sensors for

vapor phase sensing. Wu et al.49 fabricated a sensor array of
ZnS QD loaded in nanofibrous membranes to detect
nitroaromatic explosive vapors. The sensing platform was
synthesized by changing the ligands on the ZnS QD surface to
detect and distinguish between four different explosives after 2
min of exposure. QDs sensing processes are mainly based on
photo-induced electron transfer or fluorescence resonance
energy transfer mechanisms between the QD and the analyte,
causing fluorescence quenching.27,39

The application of QD sensor arrays for explosive sensing
can enhance the sensitivity and also the selectivity of the
sensors due to the combination of multiple outputs, which is
possible because of the narrow size-tunable light emission of
the QDs.50−52 Peveler et al.53 reported a sensor array based on
CdSe QDs with different surface ligands to detect and
discriminate five types of explosives in solution with a LOD
lower than 0.2 ppm. The different interactions between the
ligands and the analytes produced a fluorescent fingerprint for
each analyte, providing both high sensitivity and selectivity.
Bright et al.54 developed a sensor array based on a
nanocomposite of CdSe QDs and five organic polymers to
identify some analytes in the vapor phase. The sensing
platform was exposed to the vapors of two series, one of 14
different substituted benzene compounds and the other with
14 analytes related to security concerns. Linear discriminate
analysis was used to distinguish the different analytes with
more than 93% accuracy. Although most of the explosive
sensors reported to date show good sensitivity and selectivity,
the identification and quantification of trace amounts of
explosives in the vapor phase are still challenging.
In this study, we report a cross-reactive heterogeneous

sensing array consisting of two nanocomposites, which are
formulated with CdSe QDs emitting at 560 nm (green QDs)
and 597 nm (red QDs) embedded in PCL as a host polymer
matrix. The sensing system was evaluated for the fast detection
and analyte discrimination capability when exposed to different
explosive taggants and other nitro-containing compounds in
the vapor phase. The transduction mechanism of the sensor is
based on changes in the PL intensity when molecules are
adsorbed on the QD surface. We found that the green and red
QD nanocomposite sensor array shows a different response
when exposed to different analytes. Therefore, it is possible to
build up reliable fingerprints in a two-dimensional (2D) map,
which enables the detection and identification of the analyte
while maintaining low false alarm rates. Different cycles of 3-
NT/bake determined the partial reversibility of the sensing
process in both CdSe QDs. These facts confirm the weak
interaction between the analyte and the surface of the QDs.
The green CdSe−PCL nanocomposite showed a LOD of 54.8
pg, equivalent to 1.37 ppt or 10 pM.

■ EXPERIMENTAL SECTION
Reagents and Materials. PCL (average molecular weight:

80,000, pellets), cadmium oxide powder, oleic acid (OA), selenium
powder, trioctylphosphine (TOP), 2-mercaptoethanol (2-MET,
98%), ethylenediamine (EDA, 99%), 3-NT (99%), PA (98%,
moistened with water), 1-nitronaphthalene (1-NN, 98%), and 2,3-
dimethyl-2,3-dinitrobutane (DMDNB, 98%) were purchased from
Sigma-Aldrich. 1-Octadecene (ODE, 90%) was purchased from
Merck. O-xylene, toluene, acetonitrile (ACN), acetone, hexane, and
methanol (MeOH) were purchased from Fisher Chemical. 4-
Nitrotoluene (4-NT, 99%), 5-nitroisoquinoline (5-NI, 98%), NM
(99+ %), and 4-nitrophenol (4-NP, 99%) were purchased from Acros
Organics.
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Synthesis and Purification of CdSe QDs. CdSe QDs were
synthesized by a conventional synthesis route based on a hot injection
method with some modifications.55 In brief, a mixture of CdO (9
mmol), OA (54 mmol), and ODE was loaded in a 100 mL three-neck
flask and heated under vacuum at 120 °C for 30 min. Consequently,
this mixture was heated up to 230 °C for the complete dissolution of
precursors under an N2 atmosphere. After that, a mixture of Se (6
mmol) and TOP (29.8 mmol) was heated to obtain a transparent
solution and then it was swiftly injected into the CdO solution. In
order to obtain the green-emitting CdSe QDs, the reaction system
was cooled, and, after 30 s, 10 mL of ODE was injected. The
procedure to obtain the red-emitting QDs is similar, but after the
injection the mixture was reacted for 5 min for the growth of the QDs.
Both the obtained CdSe QDs were purified by several successive
precipitation and redispersion steps with a mixture of acetone and
methanol and redispersed in o-xylene with a final concentration of 20
mg/mL.
CdSe−PCL Nanocomposite Preparation and Device Fab-

rication. Solutions of CdSe QDs and PCL were prepared in o-xylene.
The solution was mixed under stirring for 15 min to obtain a
homogeneous dispersion. The final CdSe−PCL solution consists of
8.0 wt % PCL and 0.4612 mg/mL green-emitting CdSe QDs or
0.1678 mg/mL red-emitting CdSe QDs. The sensor was fabricated by
spin-coating the CdSe−PCL solutions on a 0.5 cm2 glass slide
substrate at 2000 rpm for 30 s. Afterward, the sensors were baked at
100 °C for 10 min to remove the solvent, achieve good adhesion of
the nanocomposite to the substrate, and enhance the chemical

stability of the layer. Both sensors were glued on a 2 × 2 cm glass slide
substrate to obtain a multichannel array. Sensors with green and red
QDs were chosen to avoid the overlapping of their PL spectra, which
allows the measurement of the response of both sensors
simultaneously. The film thickness of the resulting sensors was
measured to be around 750 nm using a mechanical profilometer
(Veeco Dektack 150).

Characterization Techniques. Optical absorbance spectra of the
colloidal solution containing CdSe QDs in o-xylene and CdSe QDs
embedded in the PCL host matrix were measured at room
temperature using a UV−visible spectrophotometer (PerkinElmer
lambda 20 UV−vis spectrophotometer). The photoluminescence
spectra of the nanocomposite thin films containing CdSe QDs were
obtained upon the sensors’ excitation with a CW GaN laser (404 nm)
for green- and red-emitting nanocomposites. The PL quantum yield
was determined to be 30% for both green and red CdSe QDs using an
integrated sphere (Hamamatsu model C9920-0). Transmission
electron microscopy (TEM) was carried out at an accelerating
voltage of 100 kV using a JEOL 1010 microscope.

Sensing Protocol. The sensing capability of the CdSe−PCL
sensors was tested by exposing the nanocomposites to the vapors of
0.2 g of different nitro compounds and common solvents in a closed
100 mL vessel at room temperature for different times (Figure S1A).
The calibration curve was obtained by exposing the green CdSe
sensor to the vapors of 40 mL aqueous solution using different
concentrations of the analyte. The PL sensitivity and response time of
the nanocomposites were measured by a homemade setup (Figure

Figure 1. Schematic approach to synthesize the CdSe−PCL sensor array.

Figure 2. (A) UV−visible absorption and emission spectra of both green and red CdSe QD−PCL thin films. (B) TEM image and size distribution
of green CdSe QD−PCL (C). TEM image and size distribution of red CdSe QD−PCL.
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S1B) based on a CW GaN laser (404 nm) focused onto the sensor
using a lens and positioning system to obtain precise and reproducible
results and a commercial spectrophotometric system NanoSPR103
(NANOSPR). The sensing and detection conditions were performed
in the dark in order to obtain good PL measurements. Moreover, all
experiments were performed three times to evaluate the stability of
the sensors and the reproducibility of the data, and good results were
obtained.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of CdSe−PCL Sen-

sors. The synthesis of the CdSe−PCL sensors was
straightforward and consisted of a single step, as is illustrated
in Figure 1. First, a solution of PCL and green or red CdSe
QDs in o-xylene was spin-coated on a glass substrate and baked
at 100 °C to remove the solvent. The sensor array consisted of
two different nanocomposite films formulated with green and
red CdSe QDs embedded in PCL. This system was designed to
detect and discriminate a range of explosives and explosives-
like molecules. PCL is a biodegradable, hydrophobic, and
inexpensive polymer with a low melting point (59−64 °C) and
glass-transition temperature (−60 °C) and is considered an
excellent host matrix for CdSe QDs because it shows
exceptional film-forming properties and outstanding blend
compatibility with oleate-capped CdSe QDs.16,56,57

Figure 2A shows the absorbance and PL spectra of the green
and red CdSe QD−PCL thin film. The first energy exciton
state of the CdSe−PCL nanocomposites was observed at 515
nm for green-emitting QDs and at 558 nm for red-emitting
QDs. The emission peak of the green and red CdSe QDs
embedded in the PCL was located at 543 nm (fwhm: 40 nm)
and 588 nm (fwhm: 49 nm), respectively. The absorbance and
PL of the nanocomposite thin films show a blue shift with
respect to the green and red CdSe QD solution in o-xylene

(see Figure S2A,B in the Supporting Information). Mainly, PL
shows a significant blue shift from 560 and 596 nm to 543 and
588 nm when the green and red QDs are embedded in the
polymer. Figure 2B,C shows TEM images of the green and red
CdSe QDs and their corresponding size distribution. We
calculated an average size of 2.2 ± 0.5 nm for green CdSe−
PCL and of 3.6 ± 0.7 nm for red CdSe−PCL. The average size
of colloidal green and red CdSe QDs was 2.4 ± 0.3 and 3.6 ±
0.8 nm, respectively (see Figures S3,S4 in the Supporting
Information). These results confirm that the size distribution
of the green and red CdSe QDs remains constant after the
formation of the nanocomposite. The PL blue shift after the
formation of the nanocomposite may be mainly attributed to a
decrease of the effective refractive index surrounding the QDs
caused by the porosity of the polymer matrix. Scanning
electron microscopy (SEM) images of both nanocomposites
reveal a homogeneous, flat, and smooth surface (see Figure S5
in the Supporting Information).

Analyte Sensing. The evaluation of the sensing capability
of the nanocomposites was performed by exposing the sensor
array to 3-NT vapors in a 100 mL closed vessel at room
temperature. The concentration of 3-NT in the vapor phase
depends on the vapor pressure of the analyte because the mass
transport is caused by a diffusion process. Figure 3 exhibits the
PL response of the green CdSe−PCL (Figure 3A) and red
CdSe−PCL (Figure 3B) nanocomposites upon exposure to
vapors of 3-NT for different times. The measurements were
done, providing enough time to interact the analyte with the
sensor. The exposure of the sensor array to 3-NT led to
significant PL enhancement. Remarkably, the change in the PL
intensity is quite different depending on the nanocomposite.
As can be observed, the exposure of the sensor array to 3-NT
led to significant PL enhancement within the first 30 s in both

Figure 3. Fluorescence spectrum changes of the CdSe−PCL sensor array containing (A) green CdSe QDs and (B) red CdSe QDs upon exposure
to 3-NT. (C) Real-time response of the two-segmented sensor upon exposure to 3-NT vapors. (D) Real-time response of green and red CdSe−
PCL sensors to periodic cycles of 3-NT vapors (gray area) and mild thermal annealing at 100 °C (white area).
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nanocomposites (138.2% green CdSe−PCL and 165.6% red
CdSe−PCL). Wu et al.49 reported a time response of 2 min for
ZnS QDs for nitroaromatic compounds, whereas Bright et al.54

reported 60 s for the CdSe QD nanocomposite array.
The time-dependent PL changes of the sensor array

containing green and red QDs to 3-NT vapors is plotted as
a function of exposure time using PL intensity as a response
variable (Figure 3C). The experimental data obtained for the
3-NT exposure can be fitted by the following pseudo-first-
order kinetic equation proposed by Lagergren, which describes
the diffusion of the analytes:19,43,58 PLt = PL∞ + Ae−k·t, where
PLt is the PL intensity at a given time, PL∞ is the response
when the sensor is saturated by the analyte, and k is the
binding rate constant. The results obtained from fitting the
real-time PL response are listed in Table 1.

As can be observed, the interaction between the analyte
molecules and the CdSe QDs embedded in the PCL matrix
depends on the time exposure, which is determined by the
diffusion of the analyte and the subsequent chemical

interaction rate.43,59 The kinetic constant depends on the
amount of available CdSe QDs (binding sites) embedded in
the polymer matrix and also on the mass concentration of
analyte in the vapor phase, which is directly related to the
vapor pressure of the analyte. For that reason, the maximum
binding rate is achieved at the beginning of the sensing
process, when almost all of the binding sites are unoccupied.
As a result, the limiting step changes during the sensing
process. While the mass transport from the vapor phase to the
QD surface principally controlled the first stages of the sensing
test, the interaction between the analyte and CdSe QDs
limited the later steps. Red CdSe QD−PCL shows a faster
analyte binding kinetics (k = 13.61 ms−1) than that of green
QD−PCL (k = 8.35 ms−1). The differences are more
significant at low sensing times. After 30 s, green and red
CdSe QD−PCL exhibits PL enhancements of 138.2 and
165.6%, respectively. However, after 180 s of exposure to 3-NT
vapors, both sensors show more than 220% PL enhancement.
Both sensors shows similar PL∞.
The mechanism of PL enhancement is not fully understood,

but some mechanisms are stated in the literature. The increase
of fluorescence can be explained by a hybrid steric/electronic
mechanism. The change in the PL intensity might be due to
the disruption of the steady-state complex formed by CdSe
QDs and PCL in the nanocomposite. The polymer matrix
probably creates trap states on the QD surface that affect the
QD fluorescence properties. When the vapor analytes diffuse
within the matrix, they can cause the polymer to swell. As a

Table 1. Maximum PL Intensity and Kinetic Binding
Constant for the CdSe−PCL Sensor Array Exposed to 3-NT
Vapors

sensor PL∞ (%) k (ms−1)
green CdSe−PCL 260 ± 3 8.35 ± 0.11
red CdSe−PCL 249 ± 4 13.61 ± 0.13

Figure 4. (A) Selectivity of the CdSe−PCL sensor array to different NO2-containing compounds and some common solvents after 30 s of
exposure. (B) 2D map of the PL efficiency of both nanocomposites after 30 s of exposure. () Calibration curve of the green CdSe−PCL sensor. PL
enhancement as a function of 3-NT, 4-NT, DMDNB, and PA concentrations after 20 min of exposure.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c00743
ACS Appl. Nano Mater. 2022, 5, 6717−6725

6721

https://pubs.acs.org/doi/10.1021/acsanm.2c00743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00743?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00743?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


result, the steady-state complex can be interrupted by the
detachment of the polymer chains from the CdSe QD surface,
leading to a change in the fluorescence properties.54,60

Therefore, the observed PL enhancement can mainly be
ascribed to the swelling induced in the polymer when exposed
to volatile organic compound analytes. Moreover, once the
PCL chains separate from the QD surface, the analyte can
interact directly with the QD surface. Analytes can act as
pseudoligands to passivate trap states with different effective-
ness depending on their composition. This affect the PL
properties of QDs accordingly, as shown by other ligand
exchange studies.30,34 Interestingly, PL enhancement when
exposed to 3-NT is generally faster in red CdSe−PCL than in
green CdSe PCL. The swelling rate of CdSe−PCL is probably
dependent on the QD size. The size of the QDs can be affected
by the swelling because the spacing between the polymer
chains increases with the size of the QDs. Because the green
QDs are smaller (2.2 nm) than red QDs (3.6 nm), the steady-
state complex between the polymer matrix and green QDs is
stronger because more intermolecular bonds are formed. It is
well accepted that properties of nanocomposite are strongly
affected by the nanoparticle size. Several works have reported
that the nanoparticle size clearly affects various material
mechanical properties such as Young’s modulus,61 the thermal
expansion coefficient, the thermal conductivity, and the
electrical conductivity. Therefore, one could expect that as
the QD size decreases, the steady-state complex between CdSe
QDs and PCL is stronger.
We also evaluated the influence of the film thickness on the

sensing response. As can be observed in Figure S6 in the
Supporting Information, the 380 and 750 nm-thick sensors
show comparable response to 3-NT. These results suggest that
the polymer matrix allows complete diffusion of the nitro-
containing analytes in the film at these two film thicknesses.
Figure 3D shows the sensor reversibility. Every sensing cycle

involves the exposure to 3-NT flow for 240 s, followed by a
recovering cycle by baking at 100 °C for 240 s. The PL
intensity increases when the nanocomposites are exposed to 3-
NT vapors. After the baking step, the green CdSe−PCL
sensors recover around 75% of the initial PL, but the red
CdSe−PCL sensors improve the initial PL around 110%.
Because most of the 3-NT molecules are weakly adsorbed on
the surface of the sensors, they can be easily desorbed after
mild thermal annealing. However, both sensors show certain
hysteresis after every sensing/recovering cycle but with
different behaviors. Whereas the green CdSe−PCL sensor
exhibits a gradual PL loss after every sensing/recovering cycle,
the red CdSe−PCL sensor shows a constant PL increase. In
the case of green CdSe−PCL, the loss of PL is attributed to the
degradation of the CdSe QD after baking. In fact, for every
sensing/recovering cycle, the ratio of PL before and after
sensing decays. This is expected because small QDs are
thermodynamically more unstable. On the other hand, the
increase of PL in the red CdSe−PCL sensor is ascribed to the
non-complete removal of the analyte after baking. With every
sensing/recovering cycle, more number of analyte molecules
are attached to the QD surface and the PL increases. In fact,
the red CdSe−PCL sensor shows a constant ratio of PL before
and after sensing. This confirms that the red CdSe−PCL
sensor is reversible unlike that of the green CdSe−PCL sensor.
Figure 4A shows the PL of the CdSe−PCL sensor array after

30 s of exposure to vapors of some explosive taggants (3-NT,
4-NT, and DMDNB), other NO2-containing compounds (4-

NP, 5-NI, 1-NN, NM, and PA) and some solvents (hexane,
toluene, acetone, ACN (CH3CN), methanol (CH3OH), and
water). The response of both sensors toward explosive taggants
and nitro-containing molecules were higher than toward the
common solvents (see Figure S7 for the green CdSe−PCL
sensor and Figure S8 for the red CdSe−PCL sensor in the
Supporting Information). These results indicate that the sensor
array interacts more selectively with nitro-containing mole-
cules. Because the sensor array is label-free, it does not provide
highly specific sensing but selective sensing to a certain degree.
The interaction between the analytes and the QD surface
depends on the chemical structure of analytes. In addition, the
PCL matrix provides certain degree of selectivity because it
does not allow the diffusion of all analytes in the same way.
This means that PCL shows specific permeability to nitro
compounds, as already observed in our previous work.20 More
interestingly, both sensors show a different response to nitro-
containing analytes. Specifically, the red CdSe−PCL sensor
exhibited an extraordinary response to NM (188.0% PL), 1-
NN (182.5% PL), and PA (173.2% PL), whereas the green
CdSe−PCL sensor showed high affinity to 4-NT (150.2% PL)
and DMDNB (144.0% PL). This makes it an extraordinary
tool to fingerprint analytes.
When the sensor array is exposed to well-known ligand

molecules like thiols (2-MET) or diamines (EDA) (see Figure
S9A,B in the Supporting Information), a very fast chemical
interaction between 2-MET or EDA and the CdSe QD surface
is observed due to their strong affinity to transition metals like
Cd(II).43 As a result, the red and green CdSe−PCL PL decays
abruptly and irreversibly.
On the basis of different responses of the green and red

CdSe−PCL sensor to the analytes, the sensor array was
examined for their ability to fingerprint analytes by multi-
parameter analysis. Monitoring the changes in the PL of the
green and red CdSe−PCL sensor array allowed us to pinpoint
each analyte on a 2D map. To generate such response patterns,
the PL response of green and red CdSe−PCL nanocomposites
were plotted after 30 s exposure to analytes in Figure 4B. By
using these two parameters, we classified the analytes into
three different groups. The first group consisted of common
solvents with the lowest response (low affinity for both
nanocomposites). The second group was formed by those
analytes with the greatest interaction with the green CdSe−
PCL sensor (DMDNB, 4-NT, and 4-NP). The third group was
composed of analytes which showed the highest response to
the red CdSe−PCL sensor (NM, 1-NN, PA, 3-NT, and 5-NI).
These results demonstrate that we can discriminate between
the explosive taggants 3-NT, 4-NT, and DMDNB. Moreover,
the sensor array showed specific molecular recognition toward
PA, an explosive of great importance. Wu et al.49 and Peveler et
al.53 described a sensing platform with which one can
distinguish between four and five explosive compounds,
respectively.
Figure 4C presents the green CdSe−PCL sensor response to

vapors of different concentrations of 3-NT, 4-NT, DMDNB,
and PA in water after a constant exposure time of 20 min. We
focused on PA (explosive compound) and on 3-NT, 4-NT,
and DMDNB (explosive taggants). From the calibration
curves, we determined the LOD to quantify the minimum
analyte amount that the sensor would be able to detect. We
also calculated the sensor sensitivity, which is defined as the
sensor response per logarithmic unit of analyte concentration.
The response of the green CdSe−PCL nanocomposite to
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water vapors showed a PL increase of only 10% after 20 min
(see Figure S10 in the Supporting Information), which was
considered as the blank from which the detection is feasible.
The assumption is that if an analyte is present, the sensor will
produce a response greater than the analytical noise in the
absence of an analyte. The experimental LOD, sensor
sensitivity, and linear range are listed in Table 2.

The sensor showed the lowest LOD for 3-NT, which was
determined to be 0.055 ng, equivalent to1.37 ppt or 10 pM.
Generally, the green CdSe−PCL sensor showed an excellent
linear response within a wide range of concentrations. For
example, the sensor response to 3-NT was linear from 10−11 to
10−3 M, that is, 8 orders of magnitude. A wide-range linear
response is desirable to develop a quantitative sensor. The
sensor sensitivity is another important parameter, which can be
determined from the slope of the linear regression of the
calibration curve. The sensor had the highest sensitivity for
DMDND, which is 16.76% PL per logarithmic unit of analyte
concentration. The sensitivity reported by Wu et al.49 and
Peveler et al.53 was 4 ppb and lower than 0.2 ppm, respectively.

■ CONCLUSIONS
The majority of the current detection methodologies focus on
the fluorescence intensity change (quenching/enhancing) of a
single transducer, which may be efficient in identifying analytes
from different categories but will be unable to distinguish
analytes having similar properties. To overcome this limitation,
we reported a sensor array based on green- or red-emitting
CdSe QDs embedded in PCL as a host matrix, allowing the
identification and quantification of trace amounts of explosive
taggants and explosive-like molecules. The experimental LOD
of the green CdSe−PCL for 3-NT, 4-NT, DMDNB, and PA
was found to be 0.055, 2.7, 0.7, and 916.4 ng, respectively. This
sensor response was very fast and showed a very wide linear
response to explosive taggants (up to 8 orders of magnitude),
which forms the basis to be used as a quantitative sensor.
Combining two transducers constitutes a powerful tool to
discriminate between some of the most commonly used
explosive taggants 3-NT, 4-NT, and DMDNB. Moreover, the
sensor array showed specific molecular recognition toward PA,
an explosive of great importance. Multiparametric analysis
allowed us to improve the sensitivity and selectivity
significantly and to minimize false-positive responses. This
type of miniaturized luminescent QD-based nanocomposites
might form the basis of a sensing platform technology to
perform effective chemical detection and identification of
explosive taggants preblast and postblast.
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