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ABSTRACT: Fluorescent pyrene−polyethersulfone (Py−
PES) nanofibers were prepared through electrospinning
technique using mixed solvents. The effects of mixed solvent
ratio and polymer/fluorophore concentrations on electrospun
nanofiber’s morphology and its sensing performance were
systematically investigated and optimized. The Py−PES
nanofibers prepared under optimized conditions were further
applied for highly sensitive detection of explosives, such as
picric acid (PA), 2,4,6-trinitrotoluene (TNT), 2,4-dinitroto-
luene (DNT), and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)
in aqueous phase with limits of detection (S/N = 3) of 23, 160,
400, and 980 nM, respectively. The Stern−Volmer (S−V) plot for Py excimer fluorescence quenching by PA shows two linear
regions at low (0−1 μM) and high concentration range (>1 μM) with a quenching constant of 1.263 × 106 M−1 and 5.08 × 104

M−1, respectively. On the contrary, S−V plots for Py excimer fluorescence quenching by TNT, DNT, and RDX display an overall
linearity in the entire tested concentration range. The fluorescence quenching by PA can be attributed to the fact that both
photoinduced electron transfer and energy transfer are involved in the quenching process. In addition, pyrene monomer
fluorescence is also quenched and exhibits different trends for different explosives. Fluorescence lifetime studies have revealed a
dominant static quenching mechanism of the current fluorescent sensors for explosives in aqueous solution. Selectivity study
demonstrates that common interferents have an insignificant effect on the emission intensity of the fluorescent nanofibers in
aqueous phase, while reusability study indicates that the fluorescent nanofibers can be regenerated. Spiked real river water sample
was also tested, and negligible matrix effect on explosives detection was observed. This research provides new insights into the
development of fluorescent explosive sensor with high performance.
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■ INTRODUCTION

Given the extensive applications of explosives in mass-
destruction weapons as well as their environmental toxicity,
explosive detection has attracted great research interest over the
past few decades.1−3 Current explosive detection methods
either use canines or heavily rely on sophisticated instruments
that are expensive, complex, and lack portability.4,5 Therefore,
there is an urgent need to develop low-cost, simple, and field-
applicable explosive detectors with high performance. In this
regard, fluorescent sensors are particularly attractive because of
their sensitivity, selectivity, short response time, simplicity, and
low cost.4,6 Fluorescent conjugated polymers (CPs) have been
extensively explored as fluorescent active sensing materials in
explosive detection because of their amplified response and
improved sensitivity.7−9 Swager and co-workers pioneered a
conjugated polymer scaffold and achieved unprecedented
sensitivity and selectivity for TNT.10,11 Trogler group
developed a new class of fluorescent films that were prepared

by spin-coating of inorganic polymers onto solid substrates for
detecting nitroaromatic explosives.12 Recently, oligofluoro-
phore based xerogel fibers or nanoparticles have also been
developed and applied as explosives sensors with ultrasensitivity
to nitro explosives.13−16

Although these sensors exhibited sensitive response to
nitroaromatic compounds (NACs), they may suffer from the
short lifetime and/or sacrifice on the sensing performance
when applied to aqueous samples.17−19 In many occasions,
explosive detection is required to be performed in aqueous
matrix. For example, sensing of NACs in groundwater or
seawater is critical for detecting buried unexploded ordnance,
for locating underwater mines, as well as for characterizing soil
and groundwater contaminated by toxic TNT at military
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bases.20,21 Recently, our group reported the use of small
fluorophore such as pyrene doped in polymer as explosive
sensing materials.6,22,23 Similar research was also reported by
Bayindir and co-workers, where they observed fast and sensitive
detection of explosive vapors through pyrene doped poly-
ethersulfone thin films.5 The pyrene doped polymer films
demonstrated fast and sensitive fluorescence quenching to
NACs vapors. However, its application for explosive detection
in aqueous solution has not been explored much. Furthermore,
the quenching mechanism, whether it is static/dynamic or both,
has not been fully investigated in these studies either.
Electrospinning is a well-known versatile method for

generating nanofibers with a diameter in the range of 10−
1000 nm.24,25 This technique has proven to be a unique and
cost-effective approach to generate nanofibrous films with high
porosity and large surface area approximately 1−2 orders of
magnitude more than that of the continuous thin film,22,26,27

which favors the development of chemical sensors with high
sensitivity and fast response. It is well-known that polymer
concentration plays a crucial role in electrospinning process.
Hsiao et al. reported that when polyethersulfone (PES)
concentration decreased, beads formed within the scaffold
through electrospinning process.28 This is a common
phenomenon occurred during electrospinning process when
polymer concentration is below their entanglement concen-
tration or when the viscoelasticity of the nanofibers favors bead
formation. In general, low polymer concentration favors the
formation of nanofibers with smaller diameters,25 which is
favorable for fluorescence sensing application. In this regard, to
electrospin small nanofibers using polymer concentration as
low as possible is necessary in order to realize explosive
fluorescent detection with high performance. In addition, the
change of polymer concentrations affects polymer/fluorophore
ratio and tunes the electronic structure of fluorophore doped in
polymer, thus further affecting the fluorescence quenching
performance of the nanofibrous film.6

In this work, pyrene doped PES (Py−PES) nanofibers were
electrospun using mixed solvents and relatively low polymer
concentration for the first time. The effects of the ratio of mixed
solvents and the concentrations of polymer and fluorophore on
nanofiber morphology and quenching performance were
studied systematically. The electrospun Py−PES nanofibers
with desired morphology and best quenching performance
were then employed as fluorescent sensors for detecting traces
of explosives including picric acid (PA), 2,4,6-trinitrotoluene
(TNT), 2,4-dinitrotoluene (DNT), and 1,3,5-trinitroperhydro-
1,3,5-triazine (RDX) in aqueous medium. Both good sensitivity
and selectivity were achieved. The sensing mechanism was
further determined based on fluorescence lifetime measure-
ments of the sensing film in the absence and presence of
explosives. This study provides new insights into the develop-
ment of fluorescent explosive sensors with high performance.

■ EXPERIMENTAL SECTION
Materials. The polymer polyethersulfone (PES, Radel, H-3000,

Mw = 780 000 g/mol) was provided by Solvay Advanced Polymers.
Tetrahydrofuran (THF, ≥99.0%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), tetrabutylammonium hexafluorophosphate
(NBu4PF6, 98%), 2,4-dinitrotoluene (DNT, 97%), and picric acid
(PA) were purchased from Sigma-Aldrich. Pyrene (98%) was bought
from Acros Organics. 2,4,6-Trinitrotoluene (TNT) was purchased
from Ultra Scientific, while 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)
was obtained from Chem Service. All chemicals used in the

experiments were of analytical reagent grade. The real water sample
was obtained from a river in Willimantic, CT, USA.

Solution Preparation. Appropriate amounts of PES were
dissolved in DMF followed by the addition of THF in order to
obtain the desired concentrations in mixed DMF/THF solvents with
different volume ratios (DMF/THF = 10/0, 7/3, 6/4, 5/5, 4/6, 3/7,
respectively). All prepared solutions also contain 0.1 M pyrene and 2
wt % of NBu4PF6, endowing the fluorescence and increasing the
conductivity of polymer solution, respectively, as used in our previous
study.22,23

Electrospinning. The nanofibers were generated by electro-
spinning with a flow rate of 0.3 mL/h at an applied voltage of 25
kV over a collection distance of 10 cm. All the experiments were
performed at 25 °C. The electrospun nanofibers are denoted as Py−
PES nanofibers. During electrospinning process, mixed solvent (THF/
DMF) evaporates, thus leaving dry Py−PES nanofibers on the
collector.

Characterization. The viscosity of polymer solutions was
measured by an AR G2 rheometer. The morphology of the fluorescent
films was obtained using JEOL 6335F field emission scanning electron
microscope (SEM) at an acceleration voltage of 10 kV, and the average
diameters of electrospun nanofibers were measured from 50 randomly
selected nanofibers in the SEM images using ImageJ software. The
absorption spectra of Py−PES films were obtained using a Cary 50
UV−vis spectrophotometer (Agilent Technologies).

Fluorescence Quenching Experiment. The fluorescence
quenching experiments were performed similar to the literature
reports.29,30 Briefly, for explosive detection in aqueous phase, the
nanofibrous film on the glass slide was inserted into the cuvette with 3
mL of distilled water, and then the solution of nitro explosives or
interferents were injected and allowed to reach equilibrium before
recording the fluorescence signal.30,31 In order to study the matrix
effects of real water on the current film sensor performance,
fluorescence quenching experiments were also conducted in a similar
way except using 3 mL of real water instead of DI water. Fluorescence
emission spectra were measured through a Varian Cary Eclipse
fluorescence spectrometer (Agilent Technologies), and the spectra
were recorded in the range of 360−600 nm with an excitation
wavelength of 344 nm. The quenching efficiency is defined as (I0 − I)/
I0, where I0 and I are the fluorescent intensity of the pyrene excimer
peak (or monomer peak) in the absence and presence of explosives in
the aqueous medium.

Fluorescence Lifetime Experiment. For fluorescence lifetime
measurements, the nanofibrous film with different concentrations of
explosives was excited with a pulse diode laser (PicoQuant) at 405 nm
with a repetition rate of 2.5 MHz and a pulse width of ∼40 ps. The
emission of the samples was collected with an avalanche photodiode
detector (PicoQuant) using a 450 nm long-pass spectral filter in order
to study the pyrene excimer photoluminescence decay. The
fluorescence decay was recorded using a time-correlated single photon
counting module (Picoharp 300, PicoQuant). The measurements were
conducted on at least three spots for each sample.

■ RESULTS AND DISCUSSION

Optimization of Py−PES Nanofiber Fabrication. In this
study, PES was used as the polymer matrix because of its better
hydrophilicity compared with other polymers such as
polystyrene used in our previous report.22,23 For fluorescence
sensing application, porous nanofibers that allow fast diffusion
of analytes are highly desired. In order to prepare electrospun
nanofibers, a solution with an appropriate polymer concen-
tration or viscosity is required to obtain uniform ejection of the
charged jet during electrospinning process, since extensive
molecular entanglements are prerequisites for the formation of
a stable and continuous charged jet. If the concentration of the
solution is too low, a continuous stream of the charged jet
cannot be formed, as the charged jet experiences instability
leading to the formation of droplets (electrospraying). PES in
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pure solvent such as DMF can only be electrospun at relatively
high concentration. Hsial et al. found that when PES
concentration was lower than 20 wt %, its electrospinnability
decreased and beads began to form.28 In parallel, Fong et al.
observed similar phenomenon and attributed the formation of
beads to the low viscosity and high surface tension of the
solutions.32

We found that electrospinning of Py−PES solution with PES
concentration lower than 10% using DMF as sole solvent only
resulted in the formation of Py−PES beads and particles
instead of nanofibers, possibly because of the low viscosity of
the polymer solution. With the increase of PES concentration
to 20%, Py−PES nanofibers with large diameter (180.5 ± 63.4
nm) formed (see Figure S1 in the Supporting Information).
However, nanofibers with large diameter are not favorable for
the analyte diffusion, resulting in low sensitivity in general.
Solvent can significantly affect the electrospinnability of a

polymer solution; therefore, the selection of suitable solvents is
a crucial step in a successful electrospinning process.33,34 Mixed
solvents have often been applied in the electrospinning
process35 because the introduction of nonsolvent to good
solvent of polymers as mixed solvents is able to control the
morphology of electrospun nanofibers, at varying mixed solvent
ratios.36,37 In our case, PES can be dissolved in DMF, while it
cannot be dissolved in THF. With an increase of the ratios of
THF to DMF in Py−PES solution, the nanofibers can be
electrospun with low probability of bead formation. Specifically,
when THF was added to the Py−PES/DMF solution, the
viscosity of the solution was increased. Viscosity of the polymer
solution varied with the position of solvent in the given
polymer solubility region because the quality of solvent−
polymer interactions affects the chain geometry of the
polymer.38 Supaphol et al. observed that the addition of a
cosolvent helped suppress the bead formation likely because of
the increase in the viscosity and/or the conductivity of the
resulting solutions.39 In this study, the viscosities of the as-
prepared Py−PES solutions with different THF to DMF ratios
were measured. To our delight, we found that viscosity indeed
increased with increasing ratio of THF in solvents (see Table
S1 in the Supporting Information), which favors the electro-
spinning of nanofibers. In addition, it has been reported that
increasing evaporation rate also promotes the formation of
nanofibers during the electrospinning process.40,41 As THF has
a lower boiling point and a higher evaporation rate than that of
DMF, the increase of its ratio in mixed solvents can speed up
the evaporation rate during electrospinning process and thus
promote the formation of nanofibrous mats.
To obtain nanofiber sensing films with the desired

morphology, the effects of different ratios of DMF/THF (10/
0, 7/3, 6/4, 5/5, 4/6, 3/7) on nanofiber morphology and
quenching efficiency were investigated first by fixing PES
concentration and pyrene concentration at 6 w/v % and 0.1 M,
respectively. With increase of THF ratio, Py−PES nanofibers
were formed gradually. The SEM images of the as-prepared
Py−PES nanofibers using mixed solvents (DMF/THF = 6/4,
5/5, 4/6, 3/7) are shown in Figure 1. The “bead-on-string”
morphology can be observed for the nanofibers electrospun
from mixed solvent of 60% DMF and 40% of THF (DMF/
THF = 6/4). When the THF ratio is further increased, better
electrospinnability can be achieved and beadless nanofibers are
formed (Figure 1b−d). The nanofibers become more uniform
with increasing THF ratio. When DMF only or DMF/THF at a

ratio of 7/3 or a higher value was used to electrospin the Py−
PES solution, no nanofiber can be formed (data not shown).
To investigate the effect of the mixed solvent ratio on the

quenching efficiency of the sensing film upon exposure to 80
μM TNT solution, time-dependent fluorescence quenching
studies were conducted on the four films prepared in Figure 1.
The corresponding results are presented in Figure 2. Upon

exposure to TNT solution, all the film sensors respond rapidly,
which can be ascribed to the porous structure of nanofibrous
film. After 6 min, the quenching efficiencies almost reach
equilibrium, regardless of the ratios of DMF/THF. This result
indicates that electronic structure determined by polymer/
fluorophore ratio might play a more important role in
explosive-based fluorescence quenching. Therefore, DMF/
THF ratio of 4/6 was selected for subsequent experiments, as
it results in the formation of nanofibers with the best
morphology.
In order to study the effect of PES concentration on the

nanofiber morphology as well as its quenching efficiency,
experiments were carried out at a fixed Py concentration of 0.1
M and DMF/THF ratio of 4/6. Figure 3 shows the
morphology of the as-prepared Py−PES nanofibers using

Figure 1. SEM images of nanofibrous film using 6% (w/v) PES + 0.1
M Py with different solvent ratios (DMF/THF): (a) 6/4, (b) 5/5, (c)
4/6, and (d) 3/7.

Figure 2. Time-dependent fluorescence quenching profiles were
obtained for Py−PES nanofiber films electrospun from 6% PES + 0.1
M Py in mixed solvents with different ratios (DMF/THF = 6/4, 5/5,
4/6, 3/7) upon exposure to 80 μM TNT solution.
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different PES concentrations (4, 6, and 8 w/v %). When using
2% PES, only Py−PES beads/particles were observed (data not
shown), which may be due to the low viscosity of the solution.
With the increase of PES concentration, the diameter of Py−
PES nanofibers increases as expected. The calculated average
diameters for Py−PES nanofibers using 4%, 6%, and 8% PES
are 37.2 ± 12.3, 44.2 ± 15.9, and 55.5 ± 21.2 nm, respectively.
The as-prepared nanofibrous films in Figure 3 were also

investigated for their quenching efficiency upon exposure to 80
μM TNT solution. The response of the film sensor to TNT
analyte is almost instantaneous, and it takes about 6 min to
reach equilibrium (Figure 4). One can see that the quenching

efficiencies for Py−PES nanofiber films prepared with PES
concentration varying from 4%, 6%, and 8% were 95%, 81%,
and 38%, respectively, after a 3 min exposure to 80 μM TNT
solution, showing that the 4% PES generated the best sensing
film. Furthermore, pyrene concentrations also affect the
quenching efficiencies to explosive detection as well as
nanofiber morphology (see Figures S2 and S3 in the
Supporting Information). It was observed that at a fixed 4%
PES and DMF/THF of 4/6, the nanofibrous film prepared
using 0.1 M Py had the best quenching efficiency upon
exposure to 80 μM TNT solution.
The concentrations of both polymer and the doped

fluorophore impact fluorescence quenching to explosives,
which may be attributed to the different electronic structures
resulting from different ratios of polymer to pyrene.6 Beyazkilic
et al. have shown that the polymer acts as a geometrical barrier
against the dissociation of pyrene dimers and thus greatly
influences the formation of pyrene excimers.42 It is presumably
believed that a sandwich-like conformation is formed between
Py and PES.5 This conformation results from the insertion of
pyrene units into and between the phenyl groups, thus forming
extended conjugation of π electrons and efficient long-range
energy migration. This conformation also enables effective
cofacial π−π stacking and affects the formation of pyrene
excimers,6 which is corroborated by various ratios of pyrene
excimer to monomer emission peak value of fluorescent film
with various PES concentrations (as shown in Figure S4 in the
Supporting Information). From the above experiments, we
found a solution consisting of 4% PES, and 0.1 M Py dissolved
in DMF/THF mixed solvent (40% DMF and 60% THF)
yielded the electrospun film with the best fluorescence
quenching performance. Then it was used to prepare
electrospun nanofibrous film for subsequent experiments. The

Figure 3. SEM images of nanofibrous films prepared using various PES concentrations at a fixed Py concentration of 0.1 M and DMF/THF ratio of
4/6: (a) 4%, (b) 6%, and (c) 8%.

Figure 4. Time-dependent fluorescence quenching profiles were
obtained for Py−PES nanofiber films electrospun from 0.1 M Py with
different concentrations of PES dissolved in mixed solvents (DMF/
THF = 4/6) upon exposure to 80 μM TNT solution.

Figure 5. (a) Concentration-dependent fluorescence quenching of Py−PES nanofiber film upon the addition of different concentrations (μM) of
TNT in DI water. (b) Photographs of Py−PES fluorescent nanofiber films in cuvette under UV light (254 nm, upper panel) and visible light
(bottom panel) in the presence of various TNT concentrations (0, 5, 10, and 20 μM).
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absorption spectrum of the Py−PES nanofiber film was also
obtained and shown in Figure S5 in the Supporting
Information. The absorption spectrum of Py−PES films
showed the characteristic bands at about 327 and 343 nm,
corresponding to the vibrational bands of the S0 → S2 transition
of pyrene ring, which is consistent with our previous report.6

Nitro-Explosives Detection in Aqueous Phase. Com-
pared with most of the reported explosive sensors for aqueous
applications, fluorescent film sensors are organic-solvent-free,
reusable, and convenient to use, thus providing an environ-
ment- and user-friendly detection method.31 However,
fluorophore leakage could be a potential issue in the detection
of explosives in solution.42 Therefore, the stability of pyrene
entrapped in fluorescent film was investigated by monitoring
the fluorescence emission of the film as well as the solution
after immersion of the Py−PES nanofiber film in aqueous
solution for 48 h. No obvious emission intensity difference of
the fluorescent sensing film and no detectable pyrene emission
from the solution were observed (the experimental details and
results are illustrated in the Supporting Information as Figure
S6 and S7), indicating that doped pyrene is stable in PES and
the potential leakage issue is negligible for the current Py−PES
nanofiber-based sensor.
To explore the ability of the as-prepared fluorescent

nanofibrous film in sensing trace amounts of nitro explosives,
fluorescence quenching titrations were first performed with an
incremental addition of TNT to the aqueous solution. Figure
5a shows the emission spectra of Py−PES film with incremental
increasing of TNT concentrations. The fluorescence intensity
progressively decreases with an increase of TNT concen-
trations. No new emission band was observed, even at very high
TNT concentrations, indicating that no new fluorescent
compound was formed during the quenching experiment.
Figure 5b illustrates the optical images of fluorescent
nanofibrous film under 254 nm UV lamp in various
concentrations of TNT aqueous solutions. Under UV light,
the visible blue emission of fluorescent nanofibrous film, which
was inserted in a cuvette filled with water, can be observed.
With increase of TNT concentrations (from left to right), the
blue emission became significantly dimmer. The obvious
fluorescence change indicates that the sensor can potentially
function as a naked-eye-based portable explosive sensor for
aqueous samples.
The fluorescence quenching titrations with other explosive

analytes (e.g., PA, DNT, and RDX) were also investigated. For
these nitro explosives, strong fluorescence quenching has also
been observed. The quenching behavior is characterized by the
normalized fluorescence intensity (I0/I) and quenching
constant (KSV) using the Stern−Volmer (S−V) equation:8

= +I I K/ [A] 10 SV (1)

where I0 is the initial fluorescence intensity in the absence of
analytes, I is the fluorescence intensity in the presence of
explosive analytes, [A] is the molar concentration of the
analytes, and KSV is the quenching constant (M−1). Figure 6
shows the plots of I0/I for pyrene excimer peak at ∼470 nm
versus the concentration of various explosives (PA, TNT,
DNT, and RDX).
For the four tested explosives, their Stern−Volmer plots and

the calculated quenching constants are different. The Stern−
Volmer plot for PA shows two linear regions at low (0−1 μM)
and high concentration (>1 μM) ranges, respectively. The
observed nonlinearity over the whole PA concentration range

can be potentially attributed to energy transfer and/or self-
absorption processes discussed in a later section.4,43 Specifically
the quenching constant for PA in the low concentration range
is 1.263 × 106 M−1, which is one of the highest values among
the reported fluorescent PA aqueous sensors.4,21,29,44 S−V plots
for TNT, DNT, and RDX show almost linearity through the
entire tested concentration range (see Table S2 in the
Supporting Information). The quenching constants are
calculated to be 1.80 × 105 M−1, 7.52 × 104 M−1, and 3.26 ×
104 M−1 for TNT, DNT, and RDX, respectively. These large
KSV values indicate that the as-prepared fluorescent nanofibrous
film is sensitive to nitro explosives in aqueous solutions and the
limits of detection (LOD, calculated by using signal-to-noise
ratio of 3) for PA, TNT, DNT, and RDX in aqueous solution
are determined to be 23, 160, 400, and 980 nM, respectively.
Pyrene monomer emission (∼393 nm) was also quenched in

the presence of different explosives (Figure 7) but with much

less sensitivity. Similar observations have been reported
previously.29,45,46 The calculated quenching constants in low
concentration range for the monomer peak are descending in
the order of PA > DNT > TNT > RDX. The order of observed
quenching efficiency is not fully consistent with the LUMO
energies of these compounds and the corresponding driving
forces (see Table S3 and Scheme S1 in the Supporting
Information). This indicates that photoinduced electron

Figure 6. Stern−Volmer plots (at pyrene excimer peaks of ∼470 nm)
for Py−PES nanofiber film sensor upon exposure to various explosives
solutions.

Figure 7. Stern−Volmer plots (at pyrene monomer peak of ∼393 nm)
for Py−PES fluorescent nanofibers film sensor with the various nitro-
based explosives.
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transfer (PET) is dominant but not the sole mechanism for the
observed fluorescence quenching at monomer emission.
Sensing Mechanism for Explosives Detection. PET

plays a key role in explosive quenching process due to the
electron-deficient property of explosives. When excited pyrene
is exposed to nitro explosives, the excited electron is transferred
from the fluorophore to the explosives. The main driving force
for PET process is the difference between the conduction band
of the fluorescent film and the LUMO values of explosives. The
LUMO orbital energy typically indicates how easily an electron
can be transferred from excited fluorophore to the electron-
deficient analytes. As the LUMO orbital energies of PA, TNT,
DNT, and RDX calculated by density functional theory at the
B3LYP/6-31G* level are in ascending energy order (see Table
S3 and Scheme S1 in the Supporting Information), the order of
the pyrene excimer quenching constant and sensitivity through
pyrene excimer quenching is in accordance with the driving
force for PET process.
Energy transfer may also occur between fluorophore and

analyte, if the fluorophore and the analyte are close to each
other and the analyte absorption band effectively overlaps with
the fluorophore emission band, known as Förster resonance
energy transfer (FRET). To examine whether FRET process
occurs in our system and is responsible for the different
quenching efficiencies of excimer and monomer emission for
various explosives, the absorption spectra of various explosives
and the emission spectrum of Py−PES nanofibrous film are
recorded and presented in Figure 8.

As shown in Figure 8, the Py excimer peak at ∼470 nm has a
small overlap with absorption of PA, but there is almost no
overlap with the absorption spectra of TNT, DNT, and RDX.
Therefore, both energy transfer and electron transfer
mechanisms contribute to the excimer peak quenching for
PA, while only electron transfer mechanism contributes to the
observed quenching for other explosives. S−V plot for pyrene
excimer quenching by PA shows two linear regions and bends
downward at higher concentrations, which is consistent with
other reports about the presence of energy transfer in
fluorescence detection.4,43 The observed bending downward
of S−V plot might be attributed to the fact that some of the
fluorophores are less accessible than others.47,48

However, in the monomer peak region, there is an overlap
between absorption spectrum of PA, DNT, or TNT and the
emission spectrum of Py−PES nanofibers film; thus, for all

these three explosive analytes, the nonlinearity of S−V plots
(Figure 7) can be observed and attributed to the presence of
energy transfer. The overlap of analyte absorption and pyrene
monomer emission was much larger for PA than for other
explosives (e.g., DNT and TNT) in the range of 370−400 nm.
The larger is the spectral overlap between the absorbance
spectrum of the analyte and the emission spectrum of
fluorescent film, the higher is the energy transfer efficiency
and hence the stronger is the fluorescence quenching. This
result is consistent with the observed good quenching
performance for PA at both excimer and monomer peaks of
pyrene. However, all tested explosives display a certain amount
of absorption in the region of 300−370 nm; therefore, the
effect of self-absorption on fluorescence quenching cannot be
ruled out.
In order to further elucidate the detection mechanism of the

present fluorescent sensors, the fluorescence lifetime of Py−
PES nanofibrous film was measured. Normalized time-depend-
ent fluorescence decay data with various concentrations of
TNT are shown in Figure 9. The fluorescence lifetimes were

calculated by fitting the time-dependent fluorescence decay
data to a single-exponential decay using the equation

τ
= − +⎜ ⎟

⎛
⎝

⎞
⎠I I

t
Cexpt( ) (0) (2)

where, I(t) is the fluorescence intensity at time (t), I(0) is the
initial fluorescence intensity, and τ is the fluorescence lifetime.
The TNT explosive concentrations only show negligible
variation in fluorescence decays of the Py−PES nanofiber
films (Figure 9), although the fluorescence intensity/yield is
greatly decreased by TNT solution (Figure 6). The insignificant
variation in the lifetimes upon addition of explosives reveals
that a static quenching mechanism might be dominant where a
nonfluorescent complex forms between pyrene and explosives
in the ground state Py excimer. The findings herein are
consistent with that of conjugated polymer sensors and
assembled monolayers of small fluorophores.21,31,49,50 Addi-
tionally, using the S−V equation,47,51,52 I0/I = kqτ0[A] + 1 =
KSV[A] + 1, where kq is the bimolecular quenching constant
and τ0 is the fluorophore lifetime in the absence of quencher. kq
was calculated to be 1.03 × 1014 M−1 s−1, which is much larger
than the value of 1010 M−1 s−1 for a conventional diffusion
quenching process. This result further supports the claim that

Figure 8. Absorption spectra of various explosive analytes and the
emission spectrum of Py−PES nanofibrous film in DI water.

Figure 9. Normalized time-dependent fluorescence decay data of Py−
PES film upon addition of TNT solutions in DI water at the following
concentrations: 0, 1, 5, 10, 20, and 50 μM.
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the static quenching process might be dominant in the Py−PES
sensors.
Selectivity and Reusability of the Sensor. Good

selectivity and reusability are two crucial criteria for the
practical use of any sensing material. To test the selectivity of
the Py−PES sensor, the fluorescence intensity of electrospun
Py−PES nanofibrous film exposed to various analytes at 10 μM
was monitored, and the corresponding quenching efficiencies
(Py excimer) are presented in Figure 10a. One can see that
commonly used chemicals including inorganic salts, acid, alkali,
metal ions, organic solvents, such as ethanol (EtOH),
acetonitrile (MeCN), benzonitrile (BCN), chlorobenzene
(BCl), and toluene (Tol), show insignificant effect on the
measured fluorescent intensity. These results suggest that the
fluorescent Py−PES nanofibrous film is highly selective for
explosives detection. Furthermore, we examined the regener-
ation of fluorescence signal (pyrene excimer peak) of a Py−PES
film after it was quenched in 10 μM TNT aqueous solution
(Figure 10b). In order to recover the fluorescence signal, the
film was simply immersed in water and then dried in air. The
rinsed film was reused to detect 10 μM TNT, and the whole
process was repeated multiple times. Although the fluorescence
of the sensing film cannot be fully regenerated to its original
state because of incomplete removal of TNT from pyrene
(caused by their strong interaction), the normalized fluo-
rescence change is similar except for the first cycle, indicating
that Py−PES film is reusable for explosive detection.
Detection of Nitro Explosives in Real Water Sample.

Figure 11 depicts the comparison of the quenching efficiencies
of various nitro explosives at 10 μM to the fluorescence
emission of Py−PES nanofibrous film in DI water and in spiked
real river water sample (Willimantic, CT). As expected, the
quenching efficiencies of nitro explosives in DI water and real
water are nearly overlapped, and the differences are less than
7% for all the nitro explosives. One can see that the matrix
effect of real river water is negligible. This result indicates that
the as-prepared explosive sensing film is a good candidate for
real application.

■ CONCLUSION

Py−PES nanofibers have been electrospun using mixed
solvents. Effects of the mixed solvent ratio and polymer/
fluorophore concentrations on the morphology and the
sensitivity of fluorescent films upon exposure to TNT solution

were investigated. The Py−PES nanofibrous film, prepared
under the optimum conditions and measured at pyrene excimer
peak, shows good sensitivity to nitro-based explosives in
aqueous phase, especially for PA with a LOD as low as 23 nM.
The calculated KSV values are 1.263 × 106 M−1 for PA (0−1
μM), 1.80 × 105 M−1 for TNT, 7.52 × 104 M−1 for DNT, 3.26
× 104 M−1 for RDX. In addition, pyrene monomer peak was
also quenched by explosives. The observed nonlinearity of the
Stern−Volmer plots indicates that both energy transfer and
electron transfer mechanisms are responsible for the observed
fluorescence quenching. Fluorescence lifetime measurements
further reveal that the static quenching is dominant for the Py−
PES nanofibrous film through formation of nonfluorescent
complex between the fluorophore and electron-deficient
explosives. Furthermore, common interferents have insignif-
icant effect on the emission of the Py−PES nanofibrous film in
aqueous phase, and the sensing film can be reused by simply
washing with water. These features indicate that pyrene doped
PES fluorescent sensors hold great promise in aqueous
explosives detection due to its high sensitivity, good selectivity,
cost effectiveness, and reusability.

■ ASSOCIATED CONTENT
*S Supporting Information
SEM images, quenching performance, pyrene excimer for-
mation, absorption spectra of films, pyrene leaching studies in
aqueous solution, tables of solution viscosities, fitting

Figure 10. (a) Quenching efficiencies (λem ≈ 470 nm) of Py−PES films for 10 μM nitro explosives and various interferents (such as ethanol
(EtOH), acetonitrile (MeCN), benzonitrile (BCN), chlorobenzene (BCl), and toluene (Tol)) in DI water at room temperature. (b) Reusability
study for the Py−PES film, where the fluorescence intensity of the Py−PES film in DI water and TNT solution (10 μM) was recorded alternatively
(λem ≈ 470 nm).

Figure 11. Quenching efficiencies (λem ≈ 470 nm) of Py−PES films
for various nitro explosives (10 μM) in DI water and real water
sample.
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parameters for Stern−Volmer plots, molecular orbitals of
compounds, and schematic illustration of photoinduced
electron transfer mechanism. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b03655.
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