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We describe the proof of concept of a portable testing setup for the detection of trinitrotoluene (TNT), a common
component in hidden explosive devices. The system allows for field-testing and generation of real-time results to
test for TNT traces in surfaces by simply using a filter paper and a fluorescent reporter. In this way, the controlled
trapping and detection of the analyte by a chemical sensor gives reliable results at extremely low concentrations
of TNT on surfaces under real life conditions suitable for daily use in ordinary sampling for example at airlines
luggage storage or sport locker rooms. The reported fluorescent methodology is very sensitive and selective,
allowing for the trapping and detection of TNT by a fluorescent reporter to give reliable results at very low
concentrations. As a complement, we report the preparation of a modified Sylgard film that is useful under real
conditions for qualitative fluorescent detection of hidden traces of TNT on surfaces or fingers by a swab method.
The combination of quantitative and qualitative detection of TNT traces on surfaces constitutes a comprehensive

new method for the detection of hidden nitroaromatic explosives in the workplace.

1. Introduction

A major threat in modern society is constituted by the so-called
improvised explosive devices (IEDs). [1-6] The explosives contained
in IEDs were commonly used in war scenarios but some years ago they
were also used in situations of everyday life, therefore constituting a
threat in the lives of countless people. Methods for the quick detection of
explosive devices are needed before they cause damage, but there are
very few methods for the detection of some explosives used in IEDs.
[7-11] Indeed, the most advanced spectroscopy devices are very sensi-
tive and selective to identify the chemicals used in IEDs, but they are
typically too heavy for portable devices and too much expensive for
widespread use. [12] The cheap technology of the cotton swab [13]
requires physical access to the substance that might be hidden or not

easily accessible. There is a long tradition in the use of animals in the
detection of explosives, particularly trained dogs [14] but training and
maintaining animals makes the method quite expensive. Electronic
noses, made up of artificial sensor arrays, constitute a significant solu-
tion to replace the natural senses [15-16] for reliable monitorization of
diverse environments. Appropriate portable devices for explosives used
in the preparation of IEDs should alert to the presence of explosives
within minutes. [17] Common methods for explosives containing nitro
groups, such as trinitrotoluene (TNT) in air are known. [18] In solution,
some turn-on fluorescent methods for their detection, including our
contribution to the field [19] and from other groups [20-25] have been
developed, but for the detection of TNT, the most common methods are
based on fluorescence quenching [26-37] and selected biosensing
methods, [38-40] with very few specially dedicated methodologies.

Abbreviations: 1IED, improvised explosive devices; TNT, trinitrotoluene; TNB, trinitrobenzene; DNT, 2,4-dinitrotoluene; NB, nitrobenzene; TATP, triacetone tri-
peroxide; HMTD, hexamethylene triperoxide diamine; AIE, aggregation-induced emission; PDMS, polydimethylsiloxane; LOD, limit of detection; MCH, methyl-
cyclohexane; m-CPBA, meta-chloroperbenzoic acid; IR, infrared; NMR, nuclear magnetic resonance; HRMS, high resolution mass spectrometry; MALDI, matrix-
assisted laser desorption/ionization; ESI, electrospray ionization; UV-Vis, ultraviolet-visible; FL, fluorescence; @, quantum yield, <, lifetime.
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Fig. 1. Structure of chemical probes used for the study.
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Fig. 2. (a) Synthesis of AR85, (b) normalized absorbance curves and (c) fluorescence emission curves in several solvents, (d) image of the fluorescence of AR85
solutions under UV light, 366 nm, AR85 10 uM in [1] H3O, [2] MeOH, [3] DMSO, [4] DMF, [5] MeCN, [6] Acetone, [7] EtOAc, [8] THF, [9] CHCls, [10] CHCly, [11]

Toluene, [12] Et;0, [13] Hexane and [14] MCH.

[41-42] Analytical methods for the detection of TNT in different sce-
narios must be selective for nitroaromatics, appropriate for immediate
analysis and safe sampling by a qualified operator. They are expected to
have very low limits of detection and high selectivity, in this way they
can detect explosives in confined public places to prevent explosions and
further damage. [43] Trace detection of TNT traces by fluorometric
methods continues to be an attractive approach for the development of
chemical sensors for hidden explosive devices. [44] We have some
previous experience in fluorogenic sensors for the selective detection of
explosive oxidants [45-48] This time, we looked for new fluorescent
dyes in which a stacking event could modulate aggregation-induced

emission (AIE) characteristics of dyes for the detection of nitro-
aromatic species. Naphthalimides are known to have AIE effects,
[49-51] and some of them have been used for detection of trini-
trophenol, an environmental contaminant and potential explosive.
[52-53] We selected a collection of new naphthalimide structures with
some classic donor or accepting groups in their structures, with the aim
to maximize the expected interactions with classic nitroaromatic de-
rivatives, and tested them for TNT detection, in this way we arrived to a
new naphthalimide dye with optimum features for the selective and
ultrasensitive detection of traces of TNT on surfaces and a new material
for solvent-free fast detection of TNT on surfaces. In this way, the
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Fig. 3. AR85 10 uM (left vial of each pair) and AR85 10 uM with 7 mg of TNT (right vial of each pair) in (a-b), or TNB (c-d), from left to right, MeOH, DMF, MeCN,
AcOEt, THF under visible light (a, ¢) and under UV light, 366 nm (b, d).
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Fig. 4. Titration curves (a) and fluorescent profile at 365 and 391 nm (b), calibration for the limit of detection using emission values at 365 nm (c) and calibration for
the limit of detection using emission values at 391 nm (d) of an AR85 solution, 2.5 uM in toluene, under increasing concentrations of TNT. Inset (e): A vial solution
before and after the titration under UV light, 366 nm.
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Fig. 5. Titration curves (a) and fluorescent profiles at 365 and 400 nm (b), calibration for the limit of detection using emission values at 365 nm (c) and calibration
for the limit of detection using emission values at 400 nm (d) of an AR85 solution, 2.5 uM in toluene, under increasing concentrations of TNB. Inset (e): A vial solution

before and after the titration under UV light, 366 nm.

materials functioned as useful alternatives to known chemical tracking
systems of traces of TNT. The results of the study are presented here.

2. Results and discussion

We synthesized a number of fluorogenic probes that were tested for
several types of analytes. The synthesis was performed by using car-
bon-carbon coupling chemistry, following previous experiences in
developing fluorogenic probes by the group. [54-62] The new fluoro-
genic probes are shown in the Fig. 1. The selectivity of each fluorogenic
probe against the most important nitroaromatic derivatives was
addressed in organic-aqueous solvents, with the aim to select the best
candidates for explosives. With the new fluorogenic probes we per-
formed a complete characterization and a battery of preliminary tests
about selectivity and sensitivity with target explosives and several ex-
pected interferents. The sensitivity of the collection of fluorogenic
probes was checked in the presence of trinitrotoluene, TNT, trini-
trobenzene, TNB, and their taggants, 2,4-dinitrotoluene and nitroben-
zene. We prepared an experimental design for this part of the work that
was applied to all fluorescent probes. Then, the sensitivity of selected
solid supported naphthalimides was studied in the presence of traces of
TNT, so the fluorogenic material could be capable of discriminate the
presence of the most important explosive, TNT. Having a previous
experience in modified materials, [45-46,48,56,63-64] we performed

additional experiments by supporting a fluorescent probe on poly-
dimethylsiloxane (PDMS) to study a quick positive detection that could
be confirmed under careful titration with the best probe in solution.

The synthesis of AR85 was performed by Stille coupling between
equimolecular amounts of N-(1-Boc-piperidin-4-yl)-4-(tributylstannyl)
naphthalene-1,8-dicarboxylmonoimide 1 and 2-bromo-1,10-phenantho-
line 2 under Pd(PPhg), catalysis in refluxing toluene for 72 h. Work-up
and column chromatography afforded AR85 as a yellowish solid in 85 %
yield (Fig. 2).

Compound ARS85 was faintly fluorescent, very solvatochromic, in
several solvents (Fig. 2). In preliminary tests, AR85 resulted to be
insensitive to the presence of water in mixtures of THF and water,
insensitive to pH values between 3 and 10 and insensitive to almost all
common anions and cations. In tests with common oxidants or reducing
agents it showed to be sensitive to the presence of TNB and TNT, so a
search for the best solvent for their detection was performed (Fig. 3).

Albeit DMF was a suitable solvent for TNT/TNB titrations, the almost
instant interaction of the solvent with the analytes hindered the fluo-
rescent detection process. [65] After some Lambert-Beer tests we
selected a working concentration of 2.5 uM for all experiments (Sup-
porting Information pp. S14 and S28-S30) and after several titration
experiments, we selected toluene as the solvent showing the highest
sensitivity of AR85 to nitroaromatics (Supp. Info. pp. $15-S28 and S30-
$32). Kinetic experiments showed that the emission intensity decreased
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Fig. 6. Titration curves (a) and fluorescent profiles at 365 and 397 nm (b), calibration for the limit of detection using emission values at 365 nm (c) and calibration

for the limit of detection using emission values at 397 nm (d) of an AR85 solution,

2.5 uM in toluene + 5%DMSO, under increasing concentrations of TNP. Inset (e):

vials before and after TNP titration under visible light and 366 nm UV light, the yellow-green color of TNP is clearly visible in both images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

immediately after adding TNT/TNB to AR85 solutions and the decreased
intensity remained stable for long periods of time in all studied solvents
(Supp. Info. pp. S15-S25). Therefore, we performed accurate titrations of
a solution of AR85 (2.5 pM) in toluene with increasing amounts of TNT
by successive additions from a concentrated solution in the same sol-
vent, fluorescent measurements were carried out immediately after the
addition of TNT at Aexe = 330 nm, Aey, = 365 nm and 391 nm, and the
fluorescence changes were registered at 25 °C. In addition, the blank
(sample only containing probe) was measured three times. The titration
curves and titration profile for TNT showed in Fig. 4 were obtained.
We calculated the limit of detection, LOD, from the initial titration
plot values by IUPAC-consistent methods. [66] The limit of detection
(LOD) by using emission values at 365 nm was calculated by a linear
regression + false positive and negative values, [67] by: (1) Adjusting to
a mean square linear regression, (2) removing the “outliers”, under-
standing them as points that are significantly different from the rest,
within a 95% of probability, (3) adjusting to a linear regression and
checking that the slope is significantly different from 0 (95%), P-Value
> 0.05, (4) calculating the LOD when the probability of false positive («)
and false negative (p) is equal or inferior to 5%, which is performed by
the software “R” to provide the fitting and delivering of the results. [68]
This method allowed to obtain a LOD = 1.87 nM or 0.42 ng x mL™! of
TNT. The LOD calculated by using emission values at 391 nm by a linear
regression + false positive and negative values and using the R software,
as in previous calculation, allowed to obtain a similar LOD = 1.87 nM,
showing that both wavelength values decrease uniformly in the presence

of TNT. For the simplicity of the method, this LOD competes in accuracy
with alternative, much more complicate methodologies. [69] Similarly,
titrations of AR85 solutions, 2.5 uM in toluene, with increasing amounts
of TNB at Aexe = 330 nm, Aep, = 365 nm and 400 nm, at 25 °C gave the
titration curves and titration profile for TNB showed in Fig. 5.

We calculated the limit of detection, LOD, from the titration plot
values by IUPAC-consistent methods. [66] In this case, we calculated the
LOD within the values measured (different than 0) by adjusting the
initial values to a mean square linear regression and using the R pro-
gram. [67-68] In this way, linear regression at low concentrations of
TNB led to a LOD = 1.88 nM or 0.40 ng x mL™! of TNB, calculated by
using emission values at 365 nm. Again, the LOD calculated by using
emission values at 400 nm calculated by the same methodology gave a
similar LOD = 1.89 nM, showing that both wavelength values decrease
uniformly in the presence of TNB.

We have previously stated that some naphthalimides have been used
for detection of trinitrophenol (TNP), an environmental contaminant
and potential explosive, [52-53] therefore we wanted to study the
performance of the fluorescent probe in the detection of TNP, in com-
parison to the detection of TNT and TNB. As in previous cases, a study of
the behaviour of AR85 in the presence of excess TNP in different solvents
was performed (Supp. Info. pp. S32-S33). TNP was soluble in MeOH,
DMSO, acetone and THF but it was not completely soluble in DCM or
CHClI3 or toluene, but it was soluble in toluene with 5% v/v of DMSO. To
keep the titration conditions as similar as possible to those previously
carried out with TNT and TNB, the titration with TNP was performed in
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toluene versus increasing concentrations of TNP, TNT, TNB, DNT and NB at
365 nm (a) and 391-400 nm (b).

a mixture of toluene + 5% DMSO. In this way, titrations of AR85 solu-
tions, 2.5 uM in toluene + 5% DMSO, with increasing amounts of TNP at
Aexe = 330 nm, Aey, = 365 nm and 397 nm, at 25 °C, gave the titration
curves and titration profile for TNP showed in Fig. 6.

We calculated the limit of detection, LOD, from the titration plot
values by IUPAC-consistent methods. [66] In this case, we calculated the
LOD within the values measured (different than 0) by adjusting the
initial values to a mean square linear regression and using the R pro-
gram. [67-68] In this way, linear regression at low concentrations of
TNP, by using the emission values at 365 nm, gave a LOD = 2.16 nM or
0.49 ng x mL~! of TNP. Again, the LOD calculated by using emission
values at 397 nm, calculated by the same methodology, gave a similar
LOD = 2.19 nM, showing that both wavelength values decrease uni-
formly in the presence of TNP, as it happened in previous examples. The
obtained LODs compete favorably with those obtained in previously
known examples. [52-53] Then we were curious about the possibility of
detecting one explosive taggant, such as 2,4-dinitrotoluene (DNT), [70]
or the most common nitrobenzene (NB). In both cases we got related
titration curves and titration profiles (Supp. Info. pp. $36-S39) but the
LODs were lower than in previous cases (2.16 nM for DNT and NB). The
simultaneous plotting of the variation of the emission intensity of a 2.5
uM solution of AR85 in toluene versus the increasing concentration of
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the 5 studied analytes showed a higher selectivity in the response of
ARS85 to the most nitrated derivatives (Fig. 7) that depended on the
number of the nitro groups and the phenol moiety to exert an increased
response of fluorescent quenching at very low concentrations of the
analyte. Albeit the fastest decrease of the fluorescence of ARS85
happened in the presence of increasing amounts of TNP, the lowest LOD
was found in the presence of TNT.

To understand the interaction between AR85 and TNT, we per-
formed an NMR titration in deuterated benzene. Initially, '"H NMR
spectra of TNT (10 mg in 0.5 mL in C¢Dg) and AR85 (4 mg in 0.5 mL in
CeDg) were performed as references. After this, increasing amounts of
TNT were added to the NMR tube corresponding to AR85 to carry out
the titration (Fig. 8).

An expanded region between 7.45 and 6.85 ppm showed the inter-
action of AR85 and TNT was seen as a complex coupling and simulta-
neous shift of the triplet at 7.03 ppm and sifting of the signals at 6.88 and
7.33 ppm, by apparent n-n stacking interaction between TNT and the
phenanthroline moiety of AR85. The extreme sensitivity of AR85 to the
presence of TNT may have practical applications. One of the most used
methods for the detection of TNT traces consists of a swab passed
through a surface to get hidden traces of solid TNT which is then sub-
jected to analytical methods. As an alternative to these methodologies
we performed a controlled experiment to test AR85 as a powerful probe
for TNT. Thus, increasing amounts of TNT (every one calculated to be
dissolved in a final volume of 2.5 mL to afford the appropriate con-
centrations for the titrations shown in Fig. 6) were deposited on a watch
glass and left to evaporate to dryness. A fragment (1 cm x 0.5 cm) of
filter paper was slid over the watch glass to capture the TNT traces. Each
piece of filter paper was then placed in a topaz vial to which 3 mL of
MeOH were added. Every vial was then sonicated in an ultrasonic bath
for a period of 5 min. After this, the filter paper was removed from the
vial and the solvent was evaporated until complete dryness under ni-
trogen stream and gentle warming in an air stream. Finally, the probe in
toluene and more toluene were added to get a final concentration of
ARS8S5, 2.5 uM in a final volume of 2.5 mL, and the fluorescence emission
spectra were measured, as shown in Fig. 9.

The titration profile for TNT showed on Fig. 9 was obtained. Again,
we calculated the LOD within the values measured (different than 0) by
adjusting the initial values to a mean square linear regression and using
the R program. [67-68] Because of the large fluctuations in the spectra,
a careful selection of representative values and outliers to be removed
was performed with the help of the R program. By using the values at
365 nm, the LOD calculated by the same methodology gave LOD =
17.31 pM or 3.93 ng-mL ! of TNT. Analogously, linear regression at low
concentrations of TNT, calculated by using emission values at 391 nm,
led to a LOD = 17.24 nM or 3.91 ng x mL™! of TNT, showing that the
detection of TNT residual on surfaces by using a simple filter paper as
swab was performed quantitatively with good reliability and accuracy
under real-life conditions. Weighing all steps, we calculated that in the
cases of the lowest concentrations (up to around 700 pM), the swap
collected almost 100% of TNT, and within the highest concentrations
(from 700 uM to the end of the titration) about 90%, thus supporting the
feasibility of the detection process. The large fluctuations observed in
the titration spectra of Fig. 9, with respect to clean spectra observed in
Fig. 4, could be produced by small impurities gained during the process,
dust, solvent residuals, etc., therefore a careful study of interferents was
performed to understand the implications that should have in the
measurements of TNT detection. The effects that the presence of cations,
anions, redox agents, other explosive, etc., may have on the TNT
determination of AR85 have been studied and the results are shown in
Fig. 10 as normalized emission intensity values, by using AR85
maximum emission intensity as the reference. We performed those tests
by dissolving AR85 in THF (2.5 pM) as a general solvent (so the com-
parison with the tests in toluene is only approximate because many of
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the interferents are not soluble in toluene), then adding TNT (8 uL 5 x
10"® M solution in MeOH, 8 eq), and then adding to each sample vial
Ag™, Ni%*, sn2*, Cd2*, Zn?*, Pb2", Cu®*, Fe3*, Sc°F, AR, Hg?*, Au®*,
co?*, Pd?t, 1rt, cut, Rut, Pt?*, F, CI', Br,, I, BzO", NO3, NO3, HoPO3,
HSO3, AcO’, CN7, SCN', HCl, HNOg, oxone, hydrazine, and HyO5 (8 pL 5
x 103 M solution in water, 8 eq), then TNB (8 uL. 5 x 1073 M solution in
MeOH, 8 eq), and then meta-chloroperbenzoic acid (m-CPBA), triacetone
triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) (2
mg as a solid) (Fig. 10).

Every time the mixture of solvents was modified, a reference solution
of AR85 was used (experiments with redox agents and other explosives
or oxidants). In all cases, a decrease in the intensity of the probe emis-
sion is observed after the addition of 8 equivalents of TNT. In most of the
experiments, the intensity of the fluorescence emission did not change
after the addition of 8 equivalents of common cations, anions, redox
agents or other explosives in solution, except in three cases. In the
presence of NO3 the fluorescence increased notably, but there was no
effect of the presence of NO3. There was a decrease in fluorescence in the
presence of Au®*, albeit it was not considered a common interferent. m-
CPBA produced and enormous increase in fluorescence because of the
oxidant nature of the reagent, but there was no effect of the presence of
explosive oxidants such as TATP or HMTD. Nitrate anion can be found in
explosive mixtures as ammonium nitrate; therefore, we performed a full
titration study of AR85 and ammonium nitrate. We performed a previ-
ous study of solvents for the titration (Supp. Info. pp. S40) and
concluded that to perform the titration in the closest conditions to
previous examples, the mixture of toluene + 5% DMSO w/w was

appropriate. Therefore, on a solution of AR85 (2.5 pM) in toluene + 5%
DMSO, successive amounts of NH4sNOg3 from a concentrated solution in
the same solvent were added, measurements were carried out immedi-
ately after the addition, Aexe = 330 nm, Aey = 365 nm/397 nm, and
fluorescence changes were registered at 25 °C. Samples of the AR85
solution were taken before and after the titration and photographed
under visible light and 366 nm UV light (Fig. 11).

We calculated the limit of detection, LOD, from the titration plot
values by IUPAC-consistent methods. [66] In this case, as before, we
calculated the LOD within the values measured (different than 0) by
adjusting the initial values to a mean square linear regression and using
the R program. [67-68] In this way, linear regression at low concen-
trations of TNP, by using the emission values at 365 nm, gave a LOD =
11.31 pM or 0.90 pg x mL~l. Again, the LOD calculated by using
emission values at 397 nm, calculated by the same methodology, gave a
related LOD = 9.60 pM, much higher, in both cases, than in previous
examples with nitrated explosives or taggants. Thus, the detection of
ammonium nitrate, albeit in much higher amounts than nitrated ex-
plosives, may complement the usefulness of the fluorescent probe in the
detection of traces of explosive substances. To complement this series,
we then tested the effect of the other explosives in the swab methodol-
ogy by performing the experiments in the presence of mixtures of TNT
and another explosive or taggant in each case. Thus, increasing amounts
of equimolecular amounts of TNT and another explosive or taggant
(TATP, HMTD, TNB, NB, DNT, TNP, NH4NO3), calculated to give 0, 5,
10, 15 and 20 equivalents of each one when dissolved in 2.5 mL, were
deposited on a watch glass, then a fragment of filter paper (1 x 0.5 cm)
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Fig. 9. (a) TNT solutions used in the experiment, (b) TNT deposition process on the watch glass, (c) TNT sample after the air-drying process of the solution, (d)
capture of the TNT with a piece of filter paper, (e) Insertion of filter paper into a topaz vial, (f) sonication of the sample after removal of the filter paper, (g) Titration
curves, (h) fluorescence profile at 365 and 391 nm, (i) calibration for the limit of detection using emission values at 365 nm and (j) calibration for the limit of
detection using emission values at 391 nm of a 2.5 pM ARS85 solution in toluene, in contact with increasing amounts of TNT collected on a paper filter, dissolved in
2.5 mL toluene, to give progressive TNT concentrations shown in the titration (Aexc = 330 nm, T = 25 °C).
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was slid over every one, placed in a topaz vial, and added of 3 mL MeOH.
Then the vials were sonicated in an ultrasonic bath for 5 min, after that
the paper fragments were removed, and the solvent evaporated under
nitrogen stream and gentle warming in an air stream. Finally, 2.5 mL of
AR85, 2.5 uM in toluene are added and the fluorescence emission
spectra were measured. The fluorescence emission intensities corre-
sponding to the measurements at 365 and 391 nm are shown Fig. 12.
Fig. 12 showed that the fluorescence values corresponding to TNT +
TATP and TNT + HMTD were similar to the presence of TNT alone,
because those explosives do not interfere with the determination of TNT
(as observed in Fig. 10), as well as in the presence of the explosive
taggants DNT and NB. The decrease in fluorescence in the case of the
presence of TNT + TNP is remarkable because of the higher sensitivity of
ARS85 to TNP with respect to TNT. In the case of TNT + NH4NOg3, the
behavior is anomalous due to the contrary behavior of each species, a
fluorescence emission decrease with TNT from low concentrations, and
a fluorescence emission increase with NH4NOs at high concentrations.
Looking for a large scope of the method by extending the procedure
to environmental samples, we then tested the detection of TNT traces in
water and sand. Thus, increasing amounts of TNT, calculated to give 0,
5, 10, 15 and 20 equivalents when dissolved in 2.5 mL, were added to 10
mL of filtered tap water samples, then the mixtures were extracted with
toluene (3 x 10 mL), the organic fractions were collected and then
evaporated under nitrogen flow and gentle warming under a warm air

stream. Finally, 2.5 mL of AR85, 2.5 uM in toluene, were added and the
fluorescence spectra were measured (Fig. 13). Analogously, increasing
amounts of TNT, calculated to give 0, 5, 10, 15 and 20 equivalents when
dissolved in 2.5 mL, were added to samples of 1 g sand (sea sand,
washed, thin, grain size approx. 300-350 pm) placed in topaz vials, then
3 mL of MeOH were added and vials were sonicated in an ultrasonic bath
for a period of 2 min. After that, the content was filtered, the solid was
discarded and the solvent from the liquid phase was evaporated under
nitrogen stream and gentle warming in an air stream. Finally, 2.5 mL of
AR85, 2.5 uM in toluene, were added and the fluorescence emission
spectra were measured. (Fig. 13).

From the detection tests carried out in water, we concluded that the
sensitivity of AR85 probe to TNT in water remained intact, being able to
detect the presence of TNT in very low amounts. On the other hand, from
the detection tests carried out in sand, we concluded that the sensitivity
of AR85 probe to TNT in sand was significantly affected. The probe was
still capable of detecting low concentrations of TNT, but the fluores-
cence quenching was much lower than in the previous case, probably
because retention of TNT on sand could give to incomplete extraction of
TNT from the samples. Therefore, it is possible to perform a fair detec-
tion of TATP in water or sand, but sensitivity from water samples was
much better than from sand samples.

To complete a real alternative to current swab methodologies, a
quick TNT fluorescent detection should be required. AR85 was only
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faintly fluorescent for naked eye clear detection therefore we searched
between the collection of fluorescent probes of Fig. 1. GP02, MMH?2,
MMHS3 and CHO7 were extremely fluorescent compounds in common
organic solvents of intermediate polarity but they did not show any
characteristic sensitivity to common cations, anions, oxidant o reducing
compounds in organic solvents. Therefore, we selected the most repre-
sentative of them, GP02, a very fluorescent compound in all common
solvents except methanol and water, to prepare a solid material for solid
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TNT detection based on ability of TNT of quenching fluorescence. The
synthetic process is shown in Fig. 14. The synthesis of GP2 was per-
formed by Suzuki coupling between equimolecular amounts of N-(1-
Boc-piperidin-4-yl)-4-bromonaphthalene-1,8-dicarboxylmonoimide 3
and 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)indolo[3,2,1-jk]
carbazole 4 under Pd(PPhg)4 catalysis in refluxing toluene/butanol/
water 4:1:2 v/v for 24 h. Work-up and column chromatography afforded
GPO2 as a yellowish solid in 86 % yield (Fig. 14). Deprotection of GP2 by



A. Revilla-Cuesta et al.

(a)

-
o
1

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114911

(b)

18 4
R Aexc=330nm ———0¢€d. TNT - —=— Emission intensity (a.u.) - 105 at 365 nm
- 15 5eq. TNT o —e— Emission intensity (a.u.) - 10”° at 391 nm
1 -
3 ——10eq. TNT * 16
s, ——15eq.TNT 3
> 1 ——20 eq. TNT S 141
= >
[72] -
2 ] =
8?9 2 124
£ 2
c
5 61 = 104
o .2
R ®
£ 34 L gl
: :
0 T T 1 6 - T T T T
400 450 500 0 5 10 15 20
Wavelength (nm) TNT equivalents
181 (c) 18- (d)
b Aexc =330 nm 0eq. TNT v
e 15 5eq. TNT o
s ——10eq. TNT © 167
3 2 ——15eq. TNT 3
s 2] [ ——20eq. TNT 8141
2 z
= =
S 91 2 124 —=— Emission intensity (a.u.) - 10 at 365 nm
€ -g —e— Emission intensity (a.u.) - 105 at 391 nm
c 6 = 104
S 5
= K]
2 5] 2 )
£
& &
0 T T 1 6 - T T T T
400 450 500 0 10 15 20

Wavelength (nm)

TNT equivalents
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dissolved in 2.5 mL gave 0, 5, 10, 15 and 20 equivalents.

trifluoroacetic acid in chloroform gave quantitatively GP3, a very fluo-
rescent and solvatochromic compound with the same optical charac-
teristics of GP2 (Fig. 14). Reaction of GP03 with equimolecular amounts
of triethoxy(3-isocyanatopropyl)silane 5 in chloroform at room tem-
perature overnight gave the silylated derivative AR67-Si which was
immediately subjected to reaction in toluene with Sylgard-184 (Dow
Corning), previously activated with piranha and KOH solutions, [71] to
get surface modified AR67@Sylgard-184.

The probe attached to the Sylgard-184 polymer surface,
AR67@Sylgard-184, was used to perform contact tests in the presence of
traces of solid TNT. In these tests, 0.5 mg of TNT was deposited and
distributed evenly on a clean slide, a fragment of AR67@Sylgard-184
was picked up and dragged over the TNT covered area of the slide,
and the changes were observed under UV light (366 nm) and by fluo-
rescence measurements. In addition, 0.5 mg of TNT were diluted in 150
uL of MeOH, from them, 50 pL were taken and deposited on a finger
covered with a clean, new glove, the finger was pressed on the surface of
AR67@Sylgard-184 and the changes were observed under UV light (366
nm) and fluorescence measurements (Fig. 15). For comparison purposes,
several tests in the presence of common solvents were also performed by
placing 1 mL of solvent in a 12 mL topaz vial, AR67@Sylgard-184 was
fixed to the inside of the vial stopper and the vial was warmed by air
until evaporation of the solvent. The experiments showed a clear
decrease in the fluorescent emission of the AR67@Sylgard-184 film in
the presence of TNT traces from solid surfaces either on glass or finger,
with an irregular pattern in the case of TNT on finger, which is very
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different of the very slight fluorescence variations in the presence of
common solvents. The quantitative measurements showed also a clear
quantitative decrease in the initial fluorescence of the film. Therefore,
AR67@Sylgard-184 film is useful under real conditions for a quick
qualitative detection of hidden TNT traces and, in combination with the
quantitative detection of TNT traces on surfaces by AR85, in toluene
solution, constitutes a comprehensive new method for the detection of
hidden nitroaromatic explosives in the workplace. The system can be
applied with little implementation of laboratory material at control
points wherever it could be necessary.

As in the previous case, to extend the methodology to environmental
samples, we also tested the detection of TNT traces in water and sand,
this time by using AR67 @Sylgard-184. Thus, increasing amounts of TNT
(0, 0.10, 0.20, 0.30 and 0.40 mg) were added to 10 mL of filtered tap
water samples, every mixture was extracted with toluene (3 x 10 mL)
and the solvent evaporated under nitrogen stream and gentle warming
(air stream). Then 0.5 mL of methanol were added to every sample, the
solution was spread evenly on a clean slide and then dried by using a
nitrogen flow. A fragment of AR67@Sylgard-184 film was grabbed with
flat tweezers and dragged over the TNT-coated area of every slide.
Fluorescence measurements before and after contacting the polymer
with the TNT were performed in all cases studied. Fig. 16 represents the
emission variations for every film fragment measured before and after
the process. Photographs under UV light 366 nm of every film fragment
before and after the process were also taken (Fig. 16). On the other hand,
increasing amounts of TNT (0, 0.10, 0.20, 0.30 and 0.40 mg) were added
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to samples of 1 g sand, the samples were placed in topaz vials and 3 mL
of MeOH added to each one and sonicated in an ultrasonic bath for 2
min. Then the samples were filtered, the solid discarded and the solvent
evaporated in every case under nitrogen flow and gentle warming under
air stream. Then 0.5 mL of methanol were added, the solution was
spread evenly on a clean slide and then dried by using a nitrogen flow. A
fragment of AR67@Sylgard-184 film was dragged over the TNT-coated
area of the slide. Fluorescence measurements and photographs under UV
light, 366 nm, before and after contacting the polymer with TNT were
performed in all cases studied (Fig. 16).

We concluded that the sensitivity of AR67@Sylgard-184 to TNT
under real conditions experiments from water and sand was still quite
good in both cases, but specially for samples from water in which the
sensitivity was fair for low amounts of TNT and at higher amounts the
fluorescence quenching was remarkable. The retention of TNT by sand
may affect also in this case to the sensitivity of the detection at low
amounts of TNT. Therefore, the system is also suitable to perform a fair
detection of TATP in water or sand.

To complete the series, for comparative purposes, we synthesized
some new fluorescent naphthalimides by Suzuki reactions, similarly to
the previous example. The synthetic process is shown in Fig. 16. The
syntheses of AR51, AR52 and ARS55 were performed by Suzuki couplings
between equimolecular amounts of N-(1-Boc-piperidin-4-yl)-4-bromo-
naphthalene-1,8-dicarboxylmonoimide 3 and 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1-arylamines 5-7 under Pd(PPhs), catalysis in
refluxing toluene/butanol/water 4:1:2 v/v for 24 h. Work-up and col-
umn chromatography afforded the yellowish solids AR51, AR52 and
ARS55 in 83-90% yields (Fig. 17). Despite being very fluorescent and
solvatochromic, these compounds did not show good sensing charac-
teristics in the performed tests (Supp. Info. pp. S59-S60, S66-S67, S73-
S74, and S78-S79).
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3. Experimental methods

The selection of the appropriate dye for TNT detection consisted of
an iterative process. First the synthesized compounds were fully char-
acterized by physical and spectral methods, IR, *H/**C NMR, HRMS
(MALDI/ESI), UV-Vis, FL, @, t. UV-Vis and Fluorescence measurements
were performed in a series of 14 solvents from high to low polarity
[1-H,0, 2. MeOH, 3. DMSO, 4. DMF, 5. MeCN, 6. Acetone, 7. EtOAc,
8-THF, 9. CHCl3, 10. CHxCly, 11. Toluene, 12. Ety0, 13. Hexane, 14.
Methylcyclohexane (MCH)]. Then, compounds were tested in solution
for the sensitivity to low to high amounts of water (0 to 90% water,
usually in THF), pH values (3.4 to 10.4), anions (11 representative an-
ions: 1. F, 2. CI', 3. Br', 4. T, 5. BzO", 6. NO>, 7. HyPO}, 8. HSO%, 9. AcO,
10. CN", 11. SCN"), cations (18 representative cations: 1. Ag*, 2. Ni2™, 3.
sn?*, 4. cd®*, 5. zn*, 6. Pb%*, 7. Cu®™, 8. Fe®T, 9. S+, 10. AIPY, 11.
Hg?", 12. Au?T, 13. Co?*, 14. Pd?*, 15. Ir*F, 16. Cu™, 17. Ru®™, 18.
Pt>"), oxidizing and reducing agents in different solvents [(addition in
water, series A: 1. HCl, 2. HNOs, 3. Oxone, 4. Hydrazine, 5-H305)
(addition in MeOH, series B: 1. Meta-chloroperbenzoic acid (m-CPBA),
2. 1,3,5-Trinitrobenzene (TNB), 3. 2,4,6-Trinitrotoluene (TNT)) (addi-
tion as solid, series C: 1. m-CPBA, 2. TATP, 3. HMTD)] on suitable
diluted solutions of the dye in an organic solvent, usually miscible with
water, and the physical changes were followed by fluorescence mea-
surements. Those compounds showing an utmost performance in terms
of sensitivity and selectivity to the presence of nitroaromatics were then
subjected to TNT/TNB sensitivity in different solvents, and the changes
monitored by fluorescence measurements. Then, kinetic behavior and
titration experiments were performed, first in different solvents, then by
accurate titration in the best solvent, selected from previous experi-
ments. The mechanism of detection was subsequently studied by NMR
titration experiments.
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Fig. 16. (a) Variation of the fluorescence emission intensity of the AR67 @Sylgard-184 films, before and after contact with increasing amounts of TNT (0, 0.10, 0.20,
0.30 and 0.40 mg) collected from filtered tap water samples. (b) Photographs under 366 nm UV light of AR67@Sylgard-184 films before and after being in contact
with increasing amounts of TNT collected from filtered tap water samples. (c) Variation of the fluorescence emission intensity of the AR67 @Sylgard-184 films, before
and after being placed in contact with increasing amounts of TNT (0, 0.10, 0.20, 0.30 and 0.40 mg) collected from sand. (d) Photographs under 366 nm UV light of
AR67 @Sylgard-184 films before and after being in contact with increasing amounts of TNT collected from sand.

4. Conclusion

We have described the proof of concept of a portable testing setup for
the detection of 2,4,6-trinitrotoluene (TNT), a common component in
improvised explosive devices, as well as related explosives such as 1,3,5-
trinitrobenzene (TNB), 2,4,6-trinitrophenol (TNP), and explosive tag-
gants such as 2,4-dinitrotoluene (DNT) and nitrobenzene (NB). The
system allows for field-testing and generation of real-time results to test
for TNT traces on surfaces by simply passing a piece of paper or of the
PDMS-supported sensing material on the suspected surface of an ordi-
nary object. In this way, the controlled trapping of the analyte in the
paper or chemical sensor gives reliable results for the detection of TNT
solid traces under real life conditions. The system may have immediate
applications in everyday use. Samples at airports, government buildings,
sports arenas, or concert halls, should be checked for IED-containing
nitroaromatic explosives to prevent terrorist acts. The system provides
for a low limit of detection of traces of TNT on surfaces as it is required to
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be of practical use. As a complement, we report the preparation of a
modified Sylgard film that is useful under real conditions for qualitative
fluorescent detection of hidden traces of TNT on surfaces or fingers by a
swab method. The combination of quantitative and qualitative detection
of TNT traces on surfaces constitutes a comprehensive new method for
the detection of hidden nitroaromatic explosives in the workplace. TNT
detection as we have shown here is a useful and non-invasive method
suitable for explosive detection among current explosive detection
technologies to be applied whenever it is necessary for the detection of
traces of IEDs, before they can cause any harm.

Funding Sources.

NATO Science for Peace and Security Programme (Grant SPS
G5536).

Ministerio de Ciencia e Innovacién (Grants PID2019-111215RB-100
and PDC2022-133955-100).

Secretaria General de Universidades (FPU18/03225 Grant).



A. Revilla-Cuesta et al. Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114911

X (o}
o Ao,
(o] 0 X= 0 Pd(PPh3), Y= N—CN—(
— i
s OGRSy s O~
2 Br M ° 100°(.2: 2‘31h o
O = =
)< s 5X=N,Y=C AR51,X=N,Y=C
6,X=Y=C AR52,X=Y=C
7.X=Y=N AR55,X =Y =N
(b) (c)
MeOH
1.0 ——DMsO 1.04 Aexc = 360 nm
® —DMF
o MeCN & ——EtOAc
ﬁ 0.8 4 Acetone .2 0.8 —THF
2 —E0Ac ——cHes
g “ ——THF € ——DCM
06+ ——CHCI3 ® 0.6+ Toluene
s —oncM g ——Et20
ﬁ Toluene E Hex
= — ]
g 0.4 EZ(O g 0.4+ MCH
5 ———MCH S
Z 021 0.2
0.0 T = 0.0
350 400 450 500 400 500 600 700
Wavelength (nm) Wavelength (nm
(d)
10 (e) MeOH 1.04 Aexc=380nm__ ., (f)
: ) ——DMSO THE
8 - aMF c ——cHei
eCN
< 0.8 O 0.8 1 ——DCM
g Acetone g
° ——EtoAc & Toluene
@ ——THF g ——Et20
S 0.6\ LS ——CHeB 0.6 1 Hex
° —obcv @ MCH
N IV Toluene %
© 0.4 ——Et20 £ 0.4
§ Hex H
g ——MCH =z
0.24 0.2 4
0.0 T T — - 0.0 4= T = 1
350 400 450 500 550 400 500 600 700
Wavelength (nm) Wavelength (nm)
") (9)
1.0 4 MeOH Aexc = 350 nm MeOH (i)
——DMsO ——bMso
8 ——DMF —DbuFP
g 0.8 4 MeCN 5 0.8 ;\\/Ie(iNn
'E Acetone [ cetone
o 2 —— EtOAc
@ —— EtOAc
2 P £ ——THF
s 061 THF 5 ——CcHe3
9 ——cCHCZ 9
S ——DCM i pe
© 0.4 Toluene g olene
£ 5
o
2 z
0.24
0.0 T
350 400 450 500
Wavelength (nm) Wavelength (nm)

)

Fig. 17. (a) Synthesis of AR51, AR52 and AR55, (b) AR51 normalized absorbance curves and (c) AR51 fluorescence emission in several solvents, (d) image of the
fluorescence of AR51 solutions under UV light, 366 nm, AR51 10 pM in [1] H,0, [2] MeOH, [3] DMSO, [4] DMF, [5] MeCN, [6] Acetone, [7] EtOAc, [8] THF, [9]
CHCl3, [10] CH,Cly, [11] Toluene, [12] Et;O, [13] Hexane and [14] MCH. (e) AR52 normalized absorbance curves and (f) AR52 fluorescence emission in several
solvents, (g) image of the fluorescence of AR52 solutions under UV light, 366 nm, AR52 10 uM in the same list of solvents. (h) AR55 normalized absorbance curves
and (i) ARS55 fluorescence emission in several solvents, (j) image of the fluorescence of AR55 solutions under UV light, 366 nm, AR55 10 uM in the same list
of solvents.
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