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ABSTRACT: Selective detection of nitro-aromatic compounds (NACs) at nanomolar concentration is achieved for the first
time in multiple media including water, micelles or in organogels as well as using test strips. Mechanism of interaction of NACs
with highly fluorescent p-phenylenevinylene-based molecules has been described as the electron transfer phenomenon from the
electron-rich chromophoric probe to the electron deficient NACs. The selectivity in sensing is guided by the pKa of the probes as
well as the NACs under consideration. TNP-induced selective gel-to-sol transition in THF medium is also observed through the
reorganization of molecular self-assembly and the portable test trips are made successfully for rapid on-site detection purpose.
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■ INTRODUCTION

Design of new probes for ultrasensitive and low cost detection
of explosives are essential for applications in homeland security
techniques, criminal and forensic sciences.1 Recent rise in
terrorist activity imposes necessity of rapid detection of
explosives, e.g., TNT (2,4,6-trinitrotoluene), DNT (2,4-
dinitrotoluene), and TNP (2,4,6-trinitrophenol, picric acid),
as they are often the main components of most of the
landmines.2 Although a number of techniques (spectroscopic,
electrochemical)3−5 and systems (nanoparticles,6−9 poly-
mers10−15) are known for the detection and quantification of
these chemicals, small organic molecule-based probes for
explosive detection has attracted particular attention toward
this end.16−19 Recently, Zang et al.20,21 and Liu et al.22 have
reported efficient vapor phase detection of nitro-aromatics
(NACs) such as TNT, DNT, CH3NO2, and DNP using
fluorescent nanofibres prepared from small molecules based on
either carbazole, or anthracene or porphyrin backbones. The
electron deficiency of the NACs make them prone to interact
with the electron-rich organic fluorescent molecules.23

Although TNP is a superior explosive than TNT, only a few
reports toward the detection of TNP have appeared compared

to that of TNT.24−27 Apart from its highly explosive nature,
TNP also causes severe irritation, skin allergy, dizziness, nausea,
damage of liver, and kidney.28,29 Water contamination of TNP
may cause severe epidemic.30,31 In 2011, Wang et al. first
developed a selective sensor for TNP based on isonicotinyl
hydrazone in DMF medium.32 At the same time, some ICT-
based probes for TNP detection were reported independently
by Kumar et al.33 and Pang et al.34 Recently, imidazolium-based
cationic probes or asymmetric triazine-based probes also
appeared in the literature for picric acid sensing purpose.35−38

But in all these reports, sensing was mostly achieved in either
organic media or in organic−water mixture media. In some
cases, significant interference was also observed from other
nitro aromatics. These limit the practical use of such sensors for
the detection of TNP contamination in natural water sources,
which is also a lethal threat for our ecosphere.
As a continuation of our efforts in developing small

molecular sensors,39−41 we report herein new p-phenyl-
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enevinylene based probes 1 and 2 (Chart 1) for the nanomolar
detection of TNP in water. To the best of our knowledge, this

is the first report where an inexpensive micellar medium has
been exploited for the detection of explosives in complete water
(organic solvent <1%). At the same time, an instant ‘naked eye’
response of TNP detection using test strips could be
established demonstrating it as an effective portable device
for an on-site detection of such explosives. On the other hand,
the effect of interaction of NACs (Chart 2) with each probe on

its supramolecular organization has been also addressed. This
opens up another way of detection of NACs as in this case an
addition of TNP causes selective transformation of gel-to-sol
through the breakdown of the self-assembly of the probes in
this particular instance.

■ EXPERIMENTAL SECTION
Materials and Instrumentations. All reagents, starting materials,

and silica gel for TLC and column chromatography were obtained
from the best known commercial sources and were used without
further purification. Solvents were distilled and dried prior to use. FT-
IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum BX
system and were reported in wave numbers (cm−1). 1H NMR and 13C
NMR spectra were recorded with a Bruker Advance DRX 400
spectrometer operating at 400 and 100 MHz for 1H and 13C NMR
spectroscopy, respectively. Chemical shifts were reported in ppm
downfield from the internal standard, tetramethylsilane (TMS). Mass
spectra were recorded on Micromass Q-TOF Micro TM spectrometer.
Sampling Procedure of Sensing. Sensing of the NACs in pure

water was carried out by adding 10 μL THF solution of either 1 or 2
from a stock (1 × 10−3 M) in pure water to make the final volume of 1
mL ([1] = [2] = 1 × 10−5 M) followed by addition of THF solution of
the NACs (5 equiv. for 1 and 2 equiv. for 2). In case of sensing in the
micellar medium, 10 μL of the THF stock solution (1 × 10−3 M) of
either 1 or 2 was added into the Brij-58 (1 mM), SDS (8 mM) or
CTAB (1 mM) micellar solution to make the final volume of 1 mL.
This was followed by addition of an aliquot of THF solution of the
NACs (5 equiv. for 1 and 2 equiv. for 2). Similar procedure has been

followed for the sensing in buffered media of different pH (HCO2Na/
HCl buffer for pH 2, Tris/HCl for pH 7 and Na2B4O7·10H2O/NaOH
for pH 12). The final concentration of THF in the solution did not
exceed 1%. For sensing in the organic medium, 2 equiv. of NACs were
directly added into the THF solution of 2 (1 × 10−5 M). The sensing
in the gel medium was performed by adding solid NACs into the
preformed THF gel of 2 (12 mg/mL, 14 mM) followed by gentle
shaking to observe the abolition of the gel in situ.

UV−Vis and Fluorescence Spectroscopy. The UV−vis and
fluorescence spectroscopy were recorded on a Shimadzu model 2100
spectrometer and Cary Eclipse spectrofluorimeter respectively. The
slit-width for the fluorescence experiment was kept at 5 nm
(excitation) and 5 nm (emission) and the excitation wavelength was
set at 400 nm for 1, and 390 nm for 2.

Scanning Electron Microscopy. Solution of 2 (concentration
100 μM) alone and in presence of different NAC’s (2 equiv.) were
drop cast over double-sided tapes attached onto the brass stubs and
air-dried for 48 h. The samples were then coated with gold vapor and
analyzed on a Quanta 200 SEM operated at 15 kV.

Gelation Studies and Determination of Minimum Gelator
Concentration (MGC). Previously weighed amount of 2 in THF was
taken in a sealed glass vial and heated till the solid completely
dissolved to afford a transparent solution. The clear solution was left to
cool under ambient condition at 25 °C without any external
perturbation. Observations with regard to gelation were recorded
from time to time. Each experiment was performed in duplicate. The
state of the materials was checked by conventional “stable-to-inversion
of a test tube” method. If the gel was formed, it was evaluated
quantitatively by determining the minimum gelator concentration
(MGC) which is the minimum amount of gelator required to
immobilize 1 mL of a particular solvent. Gelation in presence of TNP
was checked after heating and consequent cooling cycle.

1H NMR Titration Studies. 1H NMR titration with compound 1
and 2 were performed upon dissolving 1 (8 mM) in CDCl3 and 2 (8
mM) in CDCl3/CD3OD (5:1 v/v). To that TNP was added (0 to 1.5
equiv.) and the spectra were recorded using identical parameters.

Fluorescence Decay Experiment. Fluorescence lifetime values
were measured by using a time-correlated single photon counting
fluorimeter (Horiba Jobin Yvon). The system was excited with 400 nm
nano LED of Horiba - Jobin Yvon with pulse duration of 1.2 ns (slit
width of 2/2, λem is 473 nm for 1 and 454 nm for 2). Average
fluorescence lifetimes (τav) for the exponential iterative fitting were
calculated from the decay times (τi) and the relative amplitudes (ai)
using the following relation

τ τ τ τ τ τ τ= + + + +a a a a a a( )/( )av 1 1
2

2 2
2

3 3
2

1 1 2 2 3 3

Where a1, a2 and a3 are the relative amplitudes and τ1, τ2, and τ3 are the
lifetime values, respectively. For data fitting, a DAS6 analysis software
version 6.2 was used.42

Theoretical Calculations. The molecules 1 and 2 were
individually first energy-minimized in gas phase using the B3LYP/6-
31G* method. By using the minimized structures, HOMO−LUMO
levels of each molecule were calculated. Then pKa of the compounds 1
and 2 were calculated theoretically using SPARC software (http://
ibmlc2.chem.uga.edu/sparc, accessed on 11.03.2013).43

■ RESULTS AND DISCUSSION
The conjugate chromophoric pyridine-end p-phenyleneviny-
lene analogue 1 was prepared as reported earlier.44,45

Compound 2 having a modified conjugation length was
prepared through a carbonyl-nucleophile addition protocol
using isoniazid and the corresponding dialdehyde.46 The
compounds were fully characterized as given in the Supporting
Information.

Sensing in Aqueous Medium. The interaction of each
compound 1 and 2 toward NACs was first checked in pure
water (pH 7). Compound 1 showed rapid fluorescence
quenching in presence of both TNP (∼5 fold) and DNP

Chart 1. Structures of the molecular probes used in the
present study

Chart 2. Structures of the Nitro Aromatics (NACs) Used in
the Present Study
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(∼3.4 fold) whereas probe 2, having an increased H-bonding
motif showed selective quenching only with TNP (∼4.5 fold)
(Figure 1 and Figure S1 in the Supporting Information).
Though the probes showed a good response in pure water,
their aqueous solutions were found to be not very stable and
started precipitating after ∼8 h, possibly because of aggregation.
To enhance the solution stability of the probes in water, we
therefore incorporated them in different micellar media.
Sensing in Micellar Medium. An aqueous solution of 1

(10 μM) was prepared in a neutral micellar Brij-58 medium
which was found to be stable for few months. This solution
showed absorption spectral peaks at 409, 332, and 275 nm and
a strong emission peak at 473 nm (λex = 400 nm, see Figure S2
in the Supporting Information).
Addition of different NACs into this solution led to notable

emission quenching in case of DNP (∼2 fold) and TNP (∼4.5

fold), whereas the effect of addition of other NACs were
insignificant (Figure 2a, 2b). Titration of 1 showed saturation
in the spectral changes with only 5 equiv. of either DNP or
TNP (Figure S3, SI). A 1:2 stoichiometry of interaction of 1
with both DNP and TNP was revealed from the Job’s plot47

and the corresponding binding constants (log β) of 9.25 ± 0.02
and 9.36 ± 0.01, respectively, were obtained using Benesi−
Hildebrand method48 (see Figure S4 in the Supporting
Information). Respective Stern−Volmer quenching constants
(Ksv) were as high as 2.67 × 104 M−1 and 4.21 × 104 M−1 (see
Figure S3 in the Supporting Information) and the detection
limits of ∼35 and ∼22 nM indicate a strong sensitivity of the
probe toward the quenching process.49 The selectivity of the
probe toward DNP and TNP remains intact even in the
presence of excess of other NACs, as they do not show any
notable interference (Figure 2c).

Figure 1. (a) Response of the probe 2 (10 μM, λex 390 nm) toward different NACs (2 equiv.) in water (pH 7.0). (b) Normalized plots of
fluorescence emission at 454 nm of 2 upon addition of different NACs in water (pH 7.0).

Figure 2. (a) Visual changes in color under a 365 nm UV lamp of 1 (20 μM) in presence of different NACs (5 equiv.) in Brij-58 micelles (1 mM).
(b) Response of the probe 1 (10 μM, λex 400 nm) toward different NACs (5 equiv.) in Brij-58 (1 mM) micelles. (c) Interference of different NACs
present in excess (12 equiv.) in the detection of TNP (5 equiv.) using 1 in micellar media. [1] = 10 μM in each case.
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Similarly, 2 showed absorption spectral maxima at 333 and
440 nm and emission bands at 456 and 480 nm (λex = 390 nm)
in Brij-58 micellar medium (see Figure S5 in the Supporting
Information). Interestingly, 2 showed a selective emission
quenching (∼7.5 fold) with TNP while other NACs did not
induce any significant changes (Figure 3a, b). In this case, the
saturation in the spectral changes for the titration was obtained
upon addition of 2 equiv. of TNP, whereas Job’s plot still
showed a 1:2 stoichiometry of interactions between 2 and TNP
and a binding constant (log β) of 9.39 ± 0.02 was obtained (see
Figure S6 in the Supporting Information). Compared to 1,
probe 2 showed a larger Stern−Volmer quenching constant
(5.51 × 104 M−1) and a lower detection limit (11.8 nM) with
TNP indicating that 2 is a superior probe than 1 for TNP
sensing (see Figure S6 in the Supporting Information). The
probe 2 was found to be selective toward TNP even in the
presence of excess of other nitro aromatics as well as in their
mixtures (Figure 3c). The response kinetics of probes 1 and 2
for the detection of TNP showed that in both the cases the
interaction was instantaneous (see Figure S7 in the Supporting
Information).
Similar interactions with DNP and TNP with either 1 or 2

were also observed in cationic (CTAB) or anionic (SDS)
micellar media, but the extent of fluorescence quenching was
considerably less probably because of the presence of charge on
the micellar surface which affects the optimal approach of
NACs toward the probes (see Figure S8 in the Supporting
Information).
A rapid change in color from pale to deep yellow was

observed under naked-eye upon addition of either DNP or
TNP in Brij-58 micellar solution of 1 which was evidenced
from the appearance of a broad absorption band in the UV−vis
spectra (see Figures S9 and S10 in the Supporting

Information). Compound 2 also showed similar color change,
which was, however, selective only to TNP.

Mechanism of Detection. To get an insight into the
mechanism of sensing, we performed 1H NMR titration of 1
and 2 with TNP (Figure 4 and Figure S11 in the Supporting
Information). Gradual addition of TNP led to downfield shifts
of the protons of both 1 and 2 where the extent of shift (Δδ)
was greater for the pyridine protons. These observations clearly
indicate the involvement of the pyridine nitrogen in the initial
protonation through TNP in both the cases. Also, the Δδ was
greater in case of 2 (0.44 ppm for ‘c’ proton) compared to 1
(0.2 ppm for ‘c’ proton). This may be due to higher extent of
protonation in case of 2 compared to 1.
Selectivity of 1 and 2 toward TNP and/or DNP could be

explained by considering their pKa values. Theoretically
calculated protonation pKa of pyridine Ns (using SPARC
program) in 1 (5.8) and 2 (3.7) clearly suggest the possibility
of complexation with TNP (pKa = 0.38) and/or DNP (pKa =
4.11). This initial protonation caused an electrostatic
association between the picrate anions and the protonated
pyridine ends. To confirm this, the responses of 2 with TNP
were monitored in different buffered conditions (pH 2 and 12).
In both the cases, 2 showed lower extent of fluorescence
quenching with TNP than at pH 7 probably because of the
inability to form an association complex (Figure 5).50 This was
further confirmed by adding either acid (HCl) or alkali
(NaOH) directly into the neutral solution of 2+TNP which
showed a recovery of the fluorescence intensity in either case
(see Figure S12 in the Supporting Information). The
electrostatic association could further promote electron transfer
from the electron-rich fluorophore moiety to electron-deficient
NACs. This was supported from the time-resolved emission
spectral studies of 1 and 2 in Brij-58 which showed
biexponential decay for both with an average lifetime of 1.09

Figure 3. (a) Visual changes in color under a 365 nm UV lamp of 2 (20 μM) in Brij-58 micelles (1 mM) in presence of different NACs (2 equiv.).
(b) Response of the probe 2 (10 μM, λex 390 nm) toward different NACs (2 equiv.) in Brij-58 (1 mM) micelles. (c) Interference of different NACs
present in excess (5 equiv.) in the detection of TNP (2 equiv.) using 2 in micellar media. [2] = 10 μM in each case.
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and 0.8 ns, respectively (see Figure S13 in the Supporting
Information). Addition of DNP or TNP reduced the average

lifetimes significantly for 1 (0.88 and 0.61 ns for DNP and TNP
respectively) and also for 2 (0.55 ns with TNP). The lowering

Figure 4. 1H NMR titration of 2 upon gradual addition of TNP (0, 0.25, 0.5, 0.75, 1.0, 1.5 equiv.) in CDCl3/CD3OD (5:1 v/v). Inset showing
assigned protons of 2 for convenience.

Figure 5. (a) Effect of pH on the interaction of 2 with TNP in water and (b) a scheme of the molecular level interactions involved.

Figure 6. (a) Fluorescence spectra of the probe 2 (10 μM) in THF (λex = 390 nm) with the addition of various nitro aromatics (2 equiv.). (b)
Normalized plot of the F. I. at 436 nm for 2 (10 μM) THF with 2 equiv. of TNP in presence of other nitro aromatics in excess. (5 equiv.).
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of average lifetime in both the instances suggests the quenching
process as a dynamic phenomenon (τ/τ0 ≠ 1). The low-lying
LUMO of NACs compared to the probes is also a criterion for
electron transfer to occur from the probes to NACs. In both the
cases, the calculated LUMO energy (using B3LYP/6-31G*
theory) of the probes (−2.01 eV for 1 and −2.34 eV for 2)
were found to be higher than that of the corresponding TNP
(−3.90 eV).51 The LUMO energy level of TNP is much lower
compared to other nitro aromatics which might be the reason
for the facile electron transfer from the protonated probe to
TNP.52 The high polarizability of picric acid is also an
important contributing factor for the higher response toward
quenching process over other nitro aromatics.53−55

Sensing in Organic Medium. To enhance the practical
utility of the probe as a reusable as well as a portable sensing
device we checked their sensing ability in organic solvents.
Probe 2 showed a selective emission quenching with TNP (∼8
fold) in THF medium and the corresponding titrations
indicated that only 3 equiv of TNP is required for the
saturation of spectral changes (Figure 6a). A larger Stern−
Volmer quenching constant (8.53 × 104 M−1) and a lower
detection limit (15.2 nM) obtained for the TNP detection
using the probe 2 suggests a significantly strong interaction
between them even in organic medium (see Figure S14 in the
Supporting Information). The 1:2 stoichiometry of interaction
of 2 with TNP was evidenced with a binding constant (log β)
of 9.61 ± 0.01 (see Figure S14 in the Supporting Information)
and the selectivity toward TNP in the presence of excess of
other NACs prevailed as with the micellar medium (Figure 6b).
Sensing on Solid Supports. For a rapid on-site detection

of TNP we prepared portable test strips by transferring the
compound 2 in THF on silica coated aluminum TLC plates
(Figure 7a). Onto the plate, the TNP solution (1 ppm) was

then introduced and immediately the spot could be visualized
by vivid color change from yellow to deep orange under the
naked eye. The instantaneous quenching of bright blue
fluorescence was also noted under a UV-lamp (365 nm).
Sensing in Organogel Matrix. These studies demonstrate

that TNP interacts with 2 at the molecular level which
prompted us to check the effect of TNP on a supramolecular

assembly. Notably, 2 at higher concentration (14 mM) formed
a self-supporting physical gel in THF (Figure 7b,c) via the
intermolecular H-bonding through the acylhydrazone groups,
π-stacking through the aromatic moieties and van der Waals
interactions via their n-hexadecyl chains.56−59 Thus, a “sol” of 2
at 70 °C showed an emission maximum at 456 nm, whereas
upon cooling to room temperature as it formed a gel, it also
showed an aggregation-induced enhanced emission60 (2.5-fold)
with a red-shifted maxima at 477 nm. Interestingly, addition of
only 2 equiv of TNP into the gel immediately induced a gel-to-
sol transition along with a significant color change from pale
yellow to dark yellow (Figure 7b). This indicates that the
interaction of 2 with TNP possibly through multiple hydrogen
bonding led the breakdown of the gelator assembly and
consequent abolition of gels (see Figure S15 in the Supporting
Information). Addition of TNP in the gel state led to ∼14-fold
quenching of the emission intensity with ∼24 nm blue shift.
These observations were further supported from the SEM
images, where a complete abolition of the fiber like morphology
of 2 occurred only in presence of TNP (Figure 7d and Figure
S16 in the Supporting Information). However, this type of
abolition of gels could not be induced by other NACs.

■ CONCLUSION
In conclusion, we have developed for the first time two p-
phenylenevinylene based probes for the selective detection of
both DNP and TNP in pure water as well as in micellar
medium. An electron transfer phenomenon from an electron-
rich chromophoric probe to the electron deficient NACs appear
to operate here. The selectivity in sensing depends on the pKa
of the probes as well as the NACs under consideration. As the
water-based sensors may have limitation of use as solid portable
device, interaction of TNP with sensor 2 was also studied in
THF medium and the portable test strips were made
successfully for rapid on-sight detection purpose. Our studies
also provide useful insight on the mechanism of interaction of
nitro-aromatic explosives with the small molecular probes in
aqueous as well as in organic media. This opens up ample scope
for developing new molecular probes of better sensitivity across
multiple media and also on solid supports.
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