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ABSTRACT: Detection of explosives is of utmost importance
due to the threat to human security as a result of illegal
transport and terrorist activities. Trinitrotoluene (TNT) is a
widely used explosive in landmines and military operations
that contaminates the environment and groundwater, posing a
threat to human health. Achieving the detection of explosives
at a sub-femtogram level using a molecular sensor is a
challenge. Herein we demonstrate that a fluorescent organo-
gelator exhibits superior detection capability for TNT in the
gel form when compared to that in the solution state. The gel
when coated on disposable paper strips detects TNT at a record attogram (ag, 10−18 g) level (∼12 ag/cm2) with a detection limit
of 0.23 ppq. This is a simple and low-cost method for the detection of TNT on surfaces or in aqueous solutions in a contact
mode, taking advantage of the unique molecular packing of an organogelator and the associated photophysical properties.

■ INTRODUCTION
Trinitrotoluene (TNT) is a widely used military explosive,
found in different explosive formulations which threaten human
life and the environment.1,2 Therefore, detection of TNT has
been a matter of great concern to scientists.3,4 Even though a
large number of reports are available, a simple approach to the
detection of explosives at extremely low concentrations still
remains a challenge.5−7 This is particularly true in the case of
TNT, due to its relatively low vapor pressure when compared
to other explosives.8 Swager9 and Trogler10 independently have
made pioneering contributions to the detection of TNT and
RDX (Research Department Explosive, chemical name is
Cyclotrimethylenetrinitramine). For example, fluorescent poly-
mers containing bulky groups such as pentiptycene moiety,
developed by Swager and co-workers, are found to be highly
efficient toward the vapor-phase detection of TNT.9 In an
apparently different way, Trogler and co-workers have achieved
a sensitivity near the picogram level in solid-phase sensing of
explosives using metalloles as the fluorescent donors.10e

Subsequently, several strategies using quantum dots,11 gold
nanoparticles,12 silver−gold alloy nanostructures,13 and molec-
ular imprinting with AuNPs14 have been reported for the
sensing of TNT. Recently, Engel et al. have reported a large
array of chemically modified silicon nanowire-based field-effect
transistors for the selective detection of TNT with high
sensitivity, in which the sensing demands a high-cost
instrumental setup.15

Self-assembled nanoarchitectures of π-conjugated molecules
exhibit properties which are different from those of their
individual building blocks.16 Fluorescence is one such property
that shows a significant response to the surrounding medium.

For example, fluorescent molecules as a consequence of self-
assembly and gelation exhibit significant modulation of the
emission color and intensity which is reversible with external
inputs.17 Therefore, fluorescent molecular assemblies and gels
are useful candidates for the detection of various analytes.18,19

In several cases, fluorescent nanofibers obtained by molecular
self-assembly have been reported to be good sensing materials
for the detection of nitroaromatic explosives due to the unique
combination of porous structures with efficient exciton
migration in the nanofibers.18a,b,e However, detection of
explosives at a sub-femtogram level using molecular self-
assemblies and gels remains challenging.
We speculated that fluorescent gel fibers exhibiting efficient

exciton diffusion and capable of interacting with nitroaromatics
may be useful as TNT sensors. With this viewpoint, we have
examined several oligo(p-phenylenevinylene) (OPV)-based
gelators20 for the detection of TNT. An interesting feature of
these gels is their efficient exciton diffusion and energy transfer
within the self-assembled aggregates which may be of relevance
to the detection of various analytes.21 However, none of these
gelators showed considerable fluorescence quenching with
TNT. Therefore, it was obvious that TNT was not able to
interact with the gels, probably due to the strong packing of the
OPV molecules in the gel form leaving no room for the TNT
molecules to be trapped inside. Later we focused our attention
on a perfluoroarene-based gelator, OPVPF, which forms stable
gels in nonpolar solvents at room temperature (critical gelation
concentration value in n-hexane is 0.75 mM, 1.58 mg/mL),
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with a good solid-state emission quantum yield of 63%.22 There
are several reports on organogels based on arene−perfluoroar-
ene interactions, several formed through a brickwall type of
molecular packing.22−24 We hypothesized that such a brickwall-
type molecular packing and the possible charge localization in
OPVPF (as evident from the electron density distribution
calculation using TITAN software, Figure S1) may facilitate
strong interaction between electron-deficient aromatic mole-
cules such as TNT. Surprisingly, OPVPF gel showed significant
quenching of fluorescence in the presence of different
nitroaromatic compounds, which led us to a detailed
investigation on the potential of the gelator for TNT detection.

■ RESULTS AND DISCUSSION
In n-hexane solution, OPVPF exhibits a green fluorescence
which upon gelation turns to yellow (Figure 1a,b). The yellow

emission could be due to the combination of the green- and
red-emitting aggregates present in the gel state. When a hot
solution of the gel is dip-coated on a filter paper, the yellow
emission further changes to an orange-red emission (Figure
1d). The orange emission of the paper-coated xerogel indicates
that the fraction of the green-emitting aggregates has decreased
and more of the red-emitting aggregates have formed, giving a
combined orange-red emission. The emission color is thermally
reversible as observed by the shift in the color from orange-red
to green upon heating the filter paper to 70 °C and vice versa
upon cooling to room temperature. These observations indicate
the reversible self-assembly of the gelator molecules to
aggregates of different energy levels (Figure 1c,d). The

corresponding emission spectra are shown in Figure 1e.
Excitation energy diffusion is possible within such aggregates
of different energy levels, as evident from the wavelength-
dependent lifetime decay profiles (Figure 1f). Scanning
electron microscopy (SEM) images of the filter paper before
and after coating with the gel are shown in Figure S2. The SEM
image of the filter paper before coating with the gel showed the
typical micrometer-sized fibers. After coating with the gel, the
filter paper fibers were completely covered by the entangled
fibers (100−200 nm) of the OPVPF molecules (Figure S2).
We prepared several samples of OPVPF solutions, gels, and the
xerogel-coated filter papers to study the response of their
fluorescence with different nitroaromatic compounds, and the
details are discussed.
Our first attempt was to study the fluorescence changes of

OPVPF in solution upon addition of TNT. The fluorescence
response of OPVPF (1 × 10−4 M) in chloroform against TNT
is shown in Figure 2a as a weak fluorescence quenching. This

observation indicates that TNT is not an efficient quencher for
OPVPF in the isotropic solution state and hence is not suitable
for the detection of TNT. Having seen the effect in solution, we
decided to test the fluorescence response of the gel state with
TNT. A definite amount of n-hexane gel (50 μL, 1 × 10−3 M)
was dropped on a glass slide (0.5 cm diameter) and dried under
vacuum. The xerogel-coated glass slide was placed in a vial
containing TNT at room temperature. The emission spectra
were measured by using a front-face technique after exposing
the film for specific intervals. Surprisingly, significant quenching
of the fluorescence was observed (Figure 2b) upon exposure to
TNT vapors (as per literature reports, the vapor pressure of
TNT at 20 °C is ∼10 ng/L or 1 ppb).15 Nearly 20 ± 5%
quenching was noticed within 5 s of exposure (Figure 2b,

Figure 1. Photographs of (a) n-hexane solution and (b) n-hexane gel
of OPVPF. (c,d) Reversible emission color change of filter paper
coated with xerogel upon heating to 70 °C and cooling to room
temperature. (e) Normalized emission spectra in solution (green line),
gel (olive line), and film (orange line) states (λex = 400 nm). (f)
Wavelength-dependent fluorescence lifetime decay monitored be-
tween 520 and 720 nm (λex = 440 nm). The inset shows the lifetime
decay profiles monitored at 520 nm (green circles) and at 720 nm (red
circles), showing a growth corresponding to the excitation of the lower
energy aggregates at the initial time scales. IRF = instrument response
function.

Figure 2. (a) Emission spectra of OPVPF in chloroform (1 × 10−4 M)
upon addition of different amounts of TNT. Inset: Plot of quenching
(%) at 525 nm vs concentration of TNT (λex = 400 nm). (b) Time-
dependent fluorescence quenching of OPVPF xerogel upon TNT
vapor exposure. Inset: Plot of fluorescence quenching (%) at 580 nm
vs time in seconds. (c) Lifetime decay profiles (λex = 440 nm,
monitored at 600 nm) of OPVPF xerogel before (blue circles) and
after (red circles) exposure to TNT vapors for 10 s at room
temperature. (d) Comparison of the fluorescence quenching efficiency
of OPVPF xerogel upon exposure to saturated vapors of different
analytes for 10 s in a closed chamber (λex = 450 nm; error bar = 5%).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja210728c | J. Am. Chem. Soc. 2012, 134, 4834−48414835



inset), indicating a fast response time and detection limit
between ppb and ppt concentration levels.
In order to understand the excited-state behavior of the

OPVPF gel, the fluorescence lifetime decay profiles before and
after exposure to TNT were recorded. These data of OPVPF
xerogel (λex = 440 nm) exhibited a biexponential character with
lifetimes of 1.47 ns (14.4%) and 2.12 ns (85.6%) when
monitored at 600 nm. Upon exposure to TNT vapor, a fast
biexponential decay with time constants of 0.28 ns (68.3%) and
1.4 ns (31.7%) was observed (Figure 2c). The decrease in the
average lifetime can be attributed to the interaction of TNT
with the self-assembled xerogel fibrils. A comparison of the
response of the gel fibrils against nitrobenzene (NB), o-
nitrotoluene (ONT), 2,4-dinitrotoluene (DNT), and TNT for
a 10 s exposure is shown in Figure 2d. About 90 ± 5%
quenching was observed within 40 s of exposure for these
different nitroaromatics. In order to test the specificity of the
gelator for the detection of nitroaromatics, we have studied the
effect of RDX, which is a nonaromatic explosive. Interestingly,
the xerogel did not show any fluorescence response when
exposed to RDX vapors (Figure 2d).
Confocal laser scanning microscopy (CLSM) images of

OPVPF gel obtained from n-hexane before and after exposure
to TNT vapors are shown in Figure 3. After 20 s of exposure to

TNT, about 60% of the fluorescence was quenched, and after
40 s, almost complete quenching was observed. These results
reveal that OPVPF fluorescence is more responsive to the gel
phase when compared to the solution state. Since 5%
quenching of the fluorescence is sufficient to detect an analyte,
the gel is suitable for the sensing of explosives in the native
state. The relatively low response of TNT vapors to the gel
fluorescence could be attributed to the low equilibrium vapor
pressure of TNT (5.6 × 10−6 Torr at 25 °C) when compared to
NB (0.15 Torr at 20 °C).3a While vapor-phase detection of
TNT is extremely important to sense the proximity of explosive
devices, a simple method for the on-site instant detection of
TNT contamination on surfaces and specimens is equally
important. Similar is the case of monitoring for TNT
contamination in potable water. Therefore, we decided to test
the viability of a contact-mode approach using xerogel-coated
disposable paper strips which will be of relevance to the on-site
instant detection of TNT.
It is known that explosive particles can contaminate the

human body, clothing, and other materials in the surroundings
during preparation and packaging of explosive devices or during
an explosion.1c,d In such cases, contact mode is appropriate to
check for residual contamination by an explosive chemical. For
this purpose, test strips were prepared by transferring OPVPF
gel fibers onto a Whatman filter paper by dip-coating a hot

solution of the gel, followed by drying under vacuum and
cutting the dried filter paper into pieces. The contact-mode
response to TNT by the filter paper strips was tested by placing
TNT crystals over a test strip for 5 s, resulting in black spots
upon illumination with a UV lamp (Figure 4a,c). The same

experiment was repeated with RDX, and no spots correspond-
ing to fluorescence quenching were found (Figure 4b,d). In
addition, the test strips were dipped into acetonitrile solutions
of TNT and RDX, and fluorescence quenching was observed
only in the case of TNT (Figure 4e). In another experiment, a
human thumb was rubbed with TNT (caution: no direct
contact, use a glove!), and then all visible TNT particles were
brushed off, followed by pressing the thumb against a test strip.
The fingerprint of the thumb could be seen as quenched
luminescence when illuminated with UV light (Figure 4f). As a
control experiment, the thumb (gloved) which was not
contaminated with TNT was pressed on the test strip, and
no fingerprint was seen. These images illustrate the utility of
the gel-coated test strips for the on-site instant visualization of
trace residues of TNT present on a specimen.
Detection of extremely small amounts of TNT on different

substrates or from debris of explosions could be better
performed by extraction with a suitable solvent and then
dilution to a required volume followed by spot-testing using the
paper strips. To test this possibility, aqueous solutions of
different analytes (acetonitrile:water, 0.5:9.5 v/v) were
prepared, and 10 μL of each solution was placed on the
paper test strips to give a spot area of ∼0.2 cm2 (aqueous
condition was preferred to avoid any possible leaching of the
gelator from the test strip). The visual fluorescence response of
different nitroaromatics at different concentrations by contact-
mode detection on filter paper test strips is shown in Figure 5a.
The minimum amount of TNT detectable by the naked eye
was as low as 10 μL of 1 × 10−15 M solution, thereby
registering a detection limit of 0.227 parts per quadrillion
(ppq). The fluorescence spectral changes of the test strips on
contact with TNT for a wide range of concentration is shown
in Figure 5b, and the corresponding fluorescence quenching

Figure 3. CLSM images of the OPVPF gel on glass slides (a) before
and (b) 20 and (c) 40 s after exposure to saturated vapors of TNT
(∼1 ppb) in a closed chamber (λex = 438 nm, λem = 450−550 nm, 10x
magnification).

Figure 4. Photographs of OPVPF-coated test strips under different
experimental conditions. (a) TNT and (b) RDX crystals on top. (c,d)
Corresponding photographs upon removal of the crystals after 5 s. (e)
After dipping into solutions of TNT (left) and RDX (right) in
acetonitrile (1 × 10−3 M). (f) Thumb impression after rubbing with
TNT crystals. All photographs were taken under 365 nm UV
illumination.
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(%) at 580 nm is shown in Figure 5c. A comparison of the
minimum detectable amounts of the analytes estimated from
the fluorescence quenching indicates that nonaromatic
explosives and aromatic compounds without nitro groups are
not sensed by the test strips (Figure 5d). Fluorescence
quenching could be visually detected to the level of 1.37 ×
10−18 g (ONT), 1.82 × 10−18 g (DNT), 2.27 × 10−18 g (TNT),
and 1.23 × 10−10 g (NB) using the test strips when 10 μL of the
analyte was spotted with a spread of ∼0.2 cm2. From these data,
the detection limit of TNT is calculated as ∼12 ag/cm2, which
is much lower than the values previously achieved using a
surface detection method (Table S1).10e,11b Thus, in the cases
of TNT, DNT, and ONT, the limit of detection up to a record
attogram level with sensitivity in the range of ppq could be
achieved.
Nitroaromatic compounds are environmental contaminants

that pollute soil and groundwater after military operations.10d

The amount of TNT above 2 ppb in drinking water can be
toxic and carcinogenic.1c,d The intake of TNT may cause liver
damage, gastritis, aplastic anemia, cyanosis, and dermatitis.25

Hence, the detection of nitroaromatics, particularly TNT, in
potable water for low-level contamination is of great

relevance.10d,26 With this objective, aqueous solutions of
TNT were prepared, and 10 μL aliquots of each of these
solutions were placed on the paper test strips, covering an area
of ∼0.2 cm2. The fluorescence spectral change upon addition of
the test samples is shown in Figure 6a, and the corresponding

quenching (%) bar diagram is shown in Figure 6b. The lowest
amount of TNT in potable water detectable by the naked eye
on filter paper strips is 5 × 10−14−1 × 10−15 M, which
corresponds to a sensitivity in the range of 11.4−0.23 ppq.
To get insight on the mode of interaction and molecular

packing, X-ray diffraction (XRD) analysis of OPVPF gel before
and after exposure to TNT was performed (Figure 7). The
XRD pattern before exposure to TNT (Figure 7a) indicates a
brickwall-type arrangement of the molecules, which is in
analogy to the previous reports.22,23 For example, the crystal
XRD data of a bis(pentafluorostyryl)stilbene derivative showed
a brickwall-type assembly in which each brick is situated over
the gap between the bricks in the row below.23a In a similar
situation, each of the terminal fluorinated aromatic rings of
OPVPF is sandwiched between the central aromatic rings of
the neighboring OPVPF molecules, and vice versa. Thus, in
addition to the face-to-face π-stacking, the molecules are
involved in C−F···H−C interactions (Figure S3). The peak
corresponding to a d-spacing of 3.74 Å could be the π-stacking
distance between two OPVPF molecules. The d-spacing of 7.13
Å corresponds to the distance between the alternate (top and
bottom) OPVPF. The diffraction peak corresponding to 5.97 Å
could be the end-to-end distance between two OPVPF
molecules. The d-spacings of ∼9.0 and ∼4.4 Å may correspond
to the packing distances of the alkyl side chains in the brickwall-
type assembly. The xerogel-coated glass plate after exposure to
saturated TNT vapors exhibited almost identical XRD patterns
(Figure 7b). A similar experiment was conducted with dried
xerogel after dipping in TNT solution in water (5 × 10−14 M)
(Figure 7c). In this case also, only negligible changes were
observed in the diffraction peaks, indicating that the OPVPF
packing is not considerably disturbed either by TNT vapors or
by the solvent. This is further confirmed by the film-state
absorption and reflection spectra of the gelator before and after
contact with TNT solutions (Figure S4), which did not show
any visible change. This observation also indicates that there is
no ground-state charge transfer between OPVPF and TNT.
Therefore, we conclude that the TNT molecules are trapped
inside the interstitial space of the OPVPF molecules without
changing the overall brickwall-type molecular packing, and the
observed fluorescence quenching is due to excited-state
processes.

Figure 5. (a) Photograph of the fluorescence quenching of OPVPF-
coated test strips by nitroaromatics on contact mode (10 μL of the
analyte with a spot area of ∼0.2 cm2) when viewed under 365 nm UV
illumination. (b) Emission spectral change (λex = 450 nm) of the test
strips against concentration of added TNT (10 μL, 1 × 10−15−1 ×
10−3 M). (c) Plot of the emission at 580 nm (%) of the test strips
against concentration of added TNT in acetonitrile:water (0.5:9.5, 10
μL, 1 × 10−15−1 × 10−3 M). (d) Contact-mode detection of the
lowest amount of different analytes by the emission quenching of the
test strip. In all experiments, a front-face technique was used to record
the emission from the test strips.

Figure 6. (a) Emission spectral change (λex = 450 nm) of the OPVPF-
coated test strips with added amount of TNT in potable water (10 μL,
5 × 10−14−5 × 10−4 M). (b) Corresponding % quenching of
fluorescence at 580 nm.
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Based on the above observations, a plausible mechanism of
the fluorescence quenching with TNT in the xerogel state is
depicted in Figure 8. The gel fiber bundles of OPVPF are
comprised of nanosized fibrils, which in turn are formed by self-
assembled aggregates having different energy levels. Each
aggregate is formed by the brickwall-type arrangement of
OPVPF with interstitial free space within the aggregates with a
vertical distance of ∼7.13 Å and a horizontal distance of 5.97 Å,
as shown in Figure 8. Since the calculated maximum molecular
length of TNT (between the methyl group and the oppositely
placed nitro group) is ∼6.86 Å (Figure S1), it can fit vertically
into the free space through electrostatic interaction with
OPVPF (Figure 8). Thus, the possible edge-to-face π-stacking

between the electron-deficient aromatic core of TNT and the
electron-rich perfluoroarene moieties of OPVPF favors the
formation of a tight complex. Such an interaction may be
further assisted by the hydrogen bonding between the nitro
groups in TNT and the hydrogen atoms in the OPVPF
backbone. Similarly, hydrogen bonding is also possible between
the hydrogen atoms in the methyl group of TNT and the
fluorine atoms of the OPVPF. Due to the cooperative
interaction of the above weak forces, whenever the xerogel
fibers are in contact with a TNT molecule, it gets entrapped
and acts as a fluorescence trap. In addition, there is the
possibility of the TNT molecules getting trapped between the
interstitial sites of the elementary fibrils of the xerogel due to
the exposed pentafluoro aryl moieties.
The efficient fluorescence quenching of OPVPF xerogel-

coated filter paper by an extremely small amount of TNT could
be explained by a faster exciton diffusion mechanism, as
described earlier by Swager and co-workers as in the case of
conjugated polymers.9b,27 Time-resolved emission studies
(TRES) of the xerogel indicated a dynamic red shift of the
emission spectra from 540 to 580 nm when collected after 56
ps and 1.3 ns, respectively. This observation reveals the
possibility of fast excitation energy migration in the self-
assembly (Figure S5).22 The possibility of energy migration is
further supported by the wavelength-dependent fluorescence
decay profiles, as shown in Figure 1f. At lower wavelength (520
nm) the decay was fast, whereas at higher wavelength (720 nm)
the decay was relatively slow, with a growth component at the
lower time scales (0.11 and 0.5 ns, respectively), indicating the
singlet excitation of the lower energy aggregates by the initially
excited higher energy aggregates (Figure 1f, inset). These data
indicate that the self-assembled gelator favors exciton hoping
via intermolecular electronic coupling, thereby facilitating long-
range exciton diffusion in the xerogel state. Thus, the fast
excitation energy diffusion within the fibrils and between the
fibrils facilitates efficient fluorescence quenching by possible
energy-transfer and electron-transfer mechanisms, even with
extremely low quantities of the quencher, resulting in attogram
level detection.

Figure 7. XRD patterns of the xerogel of OPVPF (a) before, (b) after
TNT vapor exposure, and (c) after TNT contact-mode exposure in
water. Insets show the 2θ values of the zoomed region between 8.6
and 26°.

Figure 8. Schematic illustration of the fluorescence quenching
mechanism of OPVPF xerogel fibers in the presence of attogram
levels of TNT. The bottom right picture shows various noncovalent
interactions, and the bottom left picture shows the approximate
distance between neighboring OPVPF in a brickwall-type arrange-
ment.
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In the case of Föster-type energy transfer, a single quencher
molecule can cover approximately a distance of 1−10 nm.
However, in the case of OPVPF xerogel fibers, due to efficient
excitation energy migration, a single quencher molecule in
principle may cover a longer distance than the normal Föster
distance, making the quenching more efficient. Thus, when a 10
μL volume of 1 × 10−15 M TNT solution is spotted on the filter
paper test trip covering an area of ∼0.2 cm2, 2.27 ag of the
TNT present can get entrapped at different locations, which
will be sufficient to have a detectable fluorescence quenching of
the spotted area, giving a detection limit of ∼12 ag/cm2. In the
solution, since the gelator molecules are in the isotropic state,
such a mechanism is not feasible, and hence the sensitivity is
extremely low for TNT, as observed. The weak fluorescence
quenching with nonaromatic and poorly electron-deficient
aromatic compounds indicates that the binding strength of the
analyte with the gelator is crucial for the low-level detection.

■ CONCLUSIONS

In conclusion, the attogram level detection of TNT using a self-
assembled fluorescent gelator has been demonstrated. The
gelator molecule (OPVPF) is not efficient for the sensing of
TNT in the solution state, whereas in the xerogel state high
sensitivity has been achieved. This finding highlights the unique
capability of the self-assembled fibrous structures as new
materials over the individual molecules for a specific
application. While the sensitivity to TNT in the vapor phase
was in the ppt range, the detection level was in the ppq range in
the contact mode. The attogram detection level with high
sensitivity achieved using disposable filter paper-based test
strips allows a simple and low-cost protocol for the on-site
instant detection of TNT on contaminated specimens, as well
as monitoring of TNT contamination in groundwater, which
has great relevance to human health and safety.

■ EXPERIMENTAL SECTION

General Procedures. Unless otherwise stated, all materials
and reagents were purchased from commercial suppliers. The
solvents and reagents were purified and dried by standard
methods prior to use. OPVPF was synthesized as per our
previous report.22 TNT and RDX were obtained from High
Energy Materials Research Laboratory, Pune, and recrystallized
from ethanol.
Spectral Measurements. The absorption or reflection

spectra were recorded on a Shimadzu UV−vis recording
spectrophotometer UV-2100 with BaSO4 as standard. The
emission spectra were recorded on a SPEX-Flourolog F112X
spectrofluorimeter using a front face sample holder.
Lifetime Measurements. Fluorescence lifetimes were

measured using IBH (FluoroCube) time-correlated picosecond
single photon counting (TCSPC) system. Solutions were
excited with a pulsed diode laser (<100 ps pulse duration) at a
wavelength of 440 nm (NanoLED-10) with a repetition rate of
1 MHz. The detection system consists of a microchannel plate
photomultiplier (5000U-09B, Hamamatsu) with a 38.6 ps
response time coupled to a monochromator (5000M) and
TCSPC electronics (DataStation Hub including Hub-NL,
NanoLED controller and preinstalled Fluorescence Measure-
ment and Analysis Studio (FMAS) software). The fluorescence
lifetime values were determined by deconvoluting the instru-
ment response function with biexponential decay using DAS6
decay analysis software. The quality of the fit has been judged

by the fitting parameters such as χ2 (<1.2) as well as the visual
inspection of the residuals. All measurements were carried out
using a front face sample holder (5000U-04).

Flourescence Quantum Yield Measurements. Fluores-
cence quantum yield of the gel-coated filter paper was
measured using a calibrated integrating sphere in a SPEX
Fluorolog spectrofluorimeter. A Xe-arc lamp was used to excite
the sample placed in the sphere, with 450 nm as the excitation
wavelength. Absolute fluorescence quantum yield was calcu-
lated on the basis of the de Mello method28 using the equation

λ λ λϕ = − −E A E L A[ ( ) (1 ) ( )]/ ( )PL i 0 e (1)

In eq 2

λ λ λ= −A L L L[ ( ) ( )]/ ( )0 i 0 (2)

where Ei(λ) and E0(λ) are respectively the integrated
luminescence as a result of direct excitation of sample and
secondary excitation. A is the absorbance of the sample
calculated using eq 1. Li(λ) is the integrated excitation when the
sample is directly excited, L0(λ) is the integrated excitation
when the excitation light first hits the sphere and reflects to the
sample, and Le(λ) is the integrated excitation profile for an
empty sphere.

Scanning Electron Microscopy. SEM images were taken
on a JEOL 5600 LV scanning electron microscope with an
accelerating voltage of 12−15 kV after sputtering with gold.

Confocal Laser Scanning Microscopy. CLSM images
were recorded on a Leica-DMIR2 Optical Microscope using
UV light (438 nm) as the excitation source, and the emission
was collected between 450 to 550 nm with 10x magnification.
Samples were prepared by drop-casting n-hexane solution on a
glass slide followed by slow evaporation.

X-ray Diffraction. n-Hexane gel of OPVPF (5 mg/mL) was
transferred to a glass plate, and the prepared film was kept a day
for slow evaporation of the solvent and finally dried under
vacuum. The same xerogel-coated glass plate was exposed to
saturated TNT vapor in a clossed vessel for 5 min, and
immediately after exposure the difraction pattern was recorded.
A similar experiment was conducted with the dried xerogel after
dipping in TNT solution in water (5 × 10−14 M). The X-ray
diffractograms of the samples before and after exposure to TNT
were recorded on a Phillips diffractometer using Ni-filtered Cu
Kα radiation.

Preparation of Filter Paper Test Strips. Filter paper (5
cm × 2 cm) test strips were prepared by coating the melted
OPVPF n-hexane gel (1 × 10−3 M) followed by removal of
solvent under vacuum at room temperature. The dip-coating of
the hot solution above CGC allowed the spontaneous self-
assembly of the gelator on the filter paper. The gel-coated filter
papers were then cut into 10 pieces (1 cm × 1 cm) to get the
test strips and used for the detection of explosives.

Contact Mode Visual Detection of TNT. Aqueous
samples were prepared by dissolving TNT in acetonitrile:water
(0.5:9.5) mixture. The explosive solutions were spotted onto
the test strips at the desired concentration level using a glass
microsyringe. A solvent blank was spotted near to the spot of
each explosive. In order to ensure consistent analysis, all
depositions were prepared from a 10 μL volume, thereby
producing a spot of ∼0.5 cm in diameter. After solvent
evaporation, the filter paper was illuminated with 365 nm UV
light. The dark spots were identified by an independent
observer, and each set of experiments was repeated three times
for consistency. The detection limits were calculated from the
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lowest concentration of the explosive that enabled an
independent observer to detect the quenching visually.
Quantitative Detection of TNT by Emission Quench-

ing. The required analyte solutions of various concentrations
(1 × 10−15−1 × 10−3 M) were added to each strip, and the
solvents were allowed to evaporate. The film was placed in such
a way that the excitation beam falls on the spot where TNT is
added. Emission was collected by a front face technique using a
film sample holder. Emission of a blank sample was monitored
by the addition of solvent alone.
Detection of TNT in Potable Water. A stock solution (5

× 10−4 M) was prepared by dissolving TNT in potable water by
overnight stirring at room temperature (0.114 mg/mL). This
solution was diluted to different concentrations and used as the
test samples. The test samples (10 μL) were spoted to the test
strips, and the fluorescence quenching was monitored under
365 nm illumination by an independent observer. The
minimum detection level of TNT was qualitatively judged by
the naked eye detectable fluorescence quenching on the test
strip and quantitatively determined by measuring the
fluorescence quenching (%) using the front face technique.
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