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We report the development of new fluorogenic silica nanomaterials that were able to generate fluorescence in the

presence of vapours of triacetone triperoxide, TATP, an improvised explosive used in terrorist attacks. The materials

worked in a vapour flow of TATP, giving a permanent and strongly fluorescent response.

Introduction

Triacetone triperoxide (TATP) is a powerful explosive without
military use due to high sensitivity to mechanical shock and
difficulty to safe handling.1 TATP is easily prepared from
acetone and hydrogen peroxide under acidic catalysis.2 It
constitutes an improvised explosive almost undetectable by
dogs or sniffer devices, usually trained for nitrogen-containing
explosives.3 TATP has been frequently used in suicide terrorist
attacks, constituting an important threat in mass events and
public transport.4 The lack of nitro groups or aromatic moieties
makes the detection of this improvised explosive a difficult
task.”> TATP is usually detected by mass spectrometry,6 ion
mobility spectrometry,7 or multiphoton spectroscopy,8 but the
signature of TATP is not clearly visible except by bulky MS
spectrometers.9 As a consequence, portable and selective
systems still need to be developed. Good alternatives are
chemically modified nanosensor arrays,10 or optical portable
methods based on colorimetric sensor arrays that detect
hydrogen peroxide (H,0,) from TATP decomposition.11 Indirect
detection of H,0, from TATP, linked to oxidative processes,12
was successfully used for colorimetric®® or fluorimetric*?**
sensing. TATP direct detection has been achieved by
fluorescence quenching15 or quartz crystal microbalances.™®
Turn-on fluorogenic chemosensing systems are a good
alternative for many analytes,17 therefore fluorogenic probes
that are specific for TATP are valuable methods for the
detection of peroxide explosives. Perylenemonoimides
(PMIs)™® as well as perylenediimides (PDIs)*® are strongly
fluorescent compounds, stable under light and air, so they are
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good candidates for the search of new fluorogenic reporters.
PMIs/PDIs bear an electron poor m-conjugated aromatic core,
suitable for multiple chemical modifications and optical
sensing,20 that could be appropriate for the selective detection
of pristine TATP in the vapour phase, a major as yet unresolved
issue.”! Our approach consisted of modifying the fluorescent
PMI and PDI core with donor groups by established Suzuki
coupling22 to obtain compounds suitable for anchoring to silica
surfaces, on the way to solid fluorogenic sensors for the
sensitive and selective detection of TATP in the vapour phase.
From the initial tests, we discovered that a modification of the
PMI and PDI core with a substituted pyridyl group was able to
modulate the electron donor-acceptor effect on the
fluorescent core, giving products with an outstanding
performance in terms of selectivity and sensitivity to TATP,
that were suitable for their covalent anchoring to silica
matrixes. Therefore, we want to report now the preparation of
new surface modified fluorogenic silica materials for the
selective detection of TATP in a vapour flow.

Results and discussion

We prepared PMIs/PDIs having one p-aminopyridyl group, to
study their suitable characteristics and sensitivity to oxidants
and their covalent anchoring to silica materials having a
protective N-Boc group JG125/PC63, the unprotected
compounds JG125d/PC63d, obtained by acidic deprotection,
and the functionalized triethoxysilyl derivatives JG131/1G135
(for details about the preparation, see the Supporting
Information) (Figure 1). Compounds JG125/)JG125d and
PC63/PC63d were purple coloured compounds moderately
fluorescent in some common organic solvents. Remarkably,
JG125 and PC63 were extremely sensitive to TATP by turn-on
fluorescent changes. For JG125 (2.5-uM, A, = 500 nm, Ay =
556 nm) we got an increase in the quantum yield from ®;g15
(CHCI3) = 0.23 £ 0.01 to Dyg125:7atp (CHCl3) = 0.65 £ 0.01 in the
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presence of TATP, with an overall increase of ®;g125:7ate/Pic125
= 2.8; we got a limit of detection of 620 uM [0.11 mg/mL] for
TATP in a CHCI;:MeOH 9:1 solution. For PC63 (2.5:uM, Ao =
484 nm, Ao, = 536 Nm) we also got an increase in the quantum
yield from ®pcgz (CHCl3) = 0.27 £ 0.01 to ®pcezsrarp (CHCI3)
0.36 + 0.01, and a lower overall increase of ®pcgzstate/Dpcss =
1.3; the limit of detection for TATP was 4.83 mM [0.84 mg/mL]
in a CHCI;:MeOH 9:1 solution. Therefore, both compounds
were suitable for the preparation of TATP detection materials.
Appropriate products JG131/JG135 for silica anchoring were

obtained from JG125d/PC63d by reaction with 3-
isocyanatopropyl triethoxy silane (Figure 1).
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Figure 1 PMI/PDI derivatives used for TATP detection.

For the anchoring of silylated peryleneimides we used
commercial silica nanoparticles, 10-20 nm, and TLC plates
(silicagel 60, aluminium sheets 5x10 cm). Functionalized silica
nanoparticles were prepared from 500 mg of pristine silica
nanoparticles and 4 mg of the triethoxysilyl perylene
derivatives JG131 and JG135. The mixtures were refluxed at
112°C in a mixture of toluene:water (500:10 pL) for 24 hours,
finally, the nanoparticles were washed with toluene, DCM and
Et,0. The materials obtained were labelled nJG131 and
nJG135 (Figure 2). By the same way, the silane derivatives
were bonded to silica TLC plates, 0.5 mg of JG131 or JG135 for
every 5x10 cm plate. Instead of reflux, the plates were heated
at 60°C for 48 hours, until the solutions had neither colour nor
fluorescence. Then, the TLC plates were cleaned by the same
procedure used in previous case. The materials obtained were
labelled pJG131 and pJG135 (Figure 3). With the purpose of
comparison to purely adsorbed materials, JG125 and PC63
were mixed with TLC plates under similar conditions to get the
products adsorbed on silica, labelled aJG125 and aPC63. We
then checked colour and fluorescence qualitative and
quantitative changes of all solid materials in the presence of
TATP in the gas phase.
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Figure 2 Preparation of nJG131 and nJG135, TEM and day- Ilght
images of nJG131 and nJG135.

Silicagel 60
aluminum sheets
5x10 cm

JG135 || JG131

toluene:water toluene:water
60°C 48h  60°C 48h

«A.m

O‘O
pJG135

EDX
TpJG131
[e]

pJG131

5um

IR
Eoarey b

Figure 3 Preparation of pJG131 and pJG135. SEM and day-light
images of pJG131 and pJG135. Inset: EDX profile of pJG131.

pJG135

We started by checking colour and fluorescence qualitative
and quantitative changes of solid materials nJG131 and
nJG135 in the presence of TATP in a vapour flow. Silica
nanoparticles were fixed to borosilicate glass coverslips 18 mm
x 18 mm by spray adhesive and placed in a glassware system
schematized in Figure 4. Every experiment employed 2 mg
TATP and a dry nitrogen gas flow adjusted to 100 cm?®/minin a
round bottom flask, gently warmed below 50°C with an
external air flow heating (a laboratory hot air gun) for 10 min.
The gas flow having an average concentration of 0.2 mg/L of
evaporated TATP was conducted through a glassware tube to
another similar flask at room temperature containing the solid
sensor. Then the gas flow was finally vented through a
glassware tube to exhaust (Figure 4) and the sensor material
checked for changes in colour and fluorescence. We also
checked the action of hydrochloric acid vapour (1 mL, 35%
aqueous HCI, 30 seconds), acetic acid vapour (glacial AcOH
vapour, 1 mL, 30 seconds), triethylamine vapour (neat NEt;
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vapour, 1 mL, 30 seconds) and hydrogen peroxide vapour (5
mL, 30% aqueous H,O0, for 10 minutes) under related

conditions in order to assess the selectivity of the detection
system (Figure 5).
N>

N, TO EXHAUST

Figure 4 Upper: Glassware system design for the detection of
TATP in the gas phase with nJG131/pJG131 and
nJG135/pJG135. Inset: Image of the right flask under UV light,
366 nm, after TATP experiment. Lower: JG131 nanoparticles
(left) as prepared and (right) after treatment with TATP
vapour, both under UV light, 366 nm.

Ref. TATP HCI AcOH NEt; H,0,

nJG131

Ref. TATP HCI AcOH NEt3 H202

Ref TATP HCI AcOH NEt; H02
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Figure 5 Detection of TATP in the gas phase by the colour and
fluorescence changes of modified silica nanoparticles
nJG131/nJG135 with vapours of TATP, acids, amine and
hydrogen peroxide. First row: Ref.: pristine nJG131; TATP:
nJG131 in the presence of the vapours of TATP; HCI: nJG131 in
the presence of the vapours of HCl 35% w/v; AcOH: nJG131 in
the presence of the vapours of glacial acetic acid; NEt;: nJG131
in the presence of the vapours of triethylamine; H,0,: nJG131
in the presence of the vapours of H,0,, all under white light;
Second row: same experimental conditions than in the first
row, but under a UV lamp, 366 nm. Third row: Ref.: pristine
nJG135; TATP: nJG135 in the presence of the vapours of TATP;
HCl: nJG135 in the presence of the vapours of HCl 35% w/v;
AcOH: nJG135 in the presence of the vapours of glacial acetic
acid; NEt;: nJG135 in the presence of the vapours of
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triethylamine; H,0,: nJG135 in the presence of the vapours of
H,0,, all under white light. Fourth row: same experimental
conditions than in the third row, but under a UV lamp, 366 nm.

Except for a slight sensitivity to strong acid vapour, seen as a
small increase in fluorescence emission, the most remarkable
finding was a dramatic increase in the fluorescence emission of
nJG131 and nJG135 in the presence of TATP vapour in a very
selective fashion. Acetic acid, triethylamine or hydrogen
peroxide vapours did not show noticeable fluorescence
changes under the same conditions, even more, NEt; or AcOH
reversed the action of HCl on the materials. Common solvents
such as diethylether or acetone did not show any effect other
than moistening of the silica by polar solvents with no change
in fluorescence. Therefore, both materials were best suited for
the detection of TATP vapour in a stream flow at one third of
the maximum saturation equilibrium concentration of TATP
(reported as 600 ;,LgL’l).1a Steady state spectra in Figure 6
showed a clear increase in the emission intensity in both cases,
nJG131/nJG135 in the presence of TATP, very little increase of
intensity in the presence of HCl and no change in the presence
of H,0,. The quantitative increase in fluorescence with the
solid materials was performed by measurement of quantum
yield differences between samples, by repeating three times
each sample until the error was lower to 2%. Consequently, for
nJG131 the overall increase of the quantum vyield in the
presence of TATP vapour was ®nciz1state/Prigiz1 = 3.5; for
nJG135 the overall increase of the quantum vyield in the
presence of TATP vapour was ®pcizsitate/Prigiz1 = 3.1; for
comparison, the overall increase of the quantum yield in the
presence of HCl vapour was much lower, ®pngi314nc/ Pniciz1 =
Dnjcizsina/Pnicizr = 1.6. In all cases, the increase in
fluorescence in the presence of TATP vapour was sufficient for
reliable measurements.

—niG1at ooy A
A
—— nJG131+TATP| ’/ \/ \

[ nJG131+HCI 70000
[——nJG131+H,0,

550 600 650 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

nJG135
nJG135+TATP)|
nJG135+HCI
nJG135+H,0,

50000

60000

400004

50000
30000

20000 /

10000

/
400004 |
30000 /

200004

Emission Intensity (a.u.)
Emission Intensity (a.u.)

100004

Figure 6 Response in fluorescence of nJG131/nJG135 and
TATP, HCl or H,0,. nJG131: A, = 492 nm. nJG135: A,,. = 495
nm.

Similarly, we tested colour and fluorescence qualitative and
quantitative changes of solid plates pJG131 and pJG135 in the
presence of TATP in the gas phase and compared them to the
changes in the presence of HCl and H,0, vapour. Albeit the
shape of the particles moved from roughly 20 nm to 20 um,
the homogeneity of the plates could lead to an easier
managing of the samples. The conditions were as in previous
experiments, this time with 20 mm x 20 mm plates, the results
are shown in Figure 7. We compared the results with the
adsorbed colorants in plates, aJG125 and aPC63, in the same
conditions, also shown in Figure 7.
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Figure 7 Detection of TATP in the gas phase by the colour and
fluorescence changes of silica plates with vapours of TATP, HCI
and hydrogen peroxide: Left column: pJG131/pJG135. Right
column: alG125/aPC63. First row: pristine pJG131; TATP:
pJG131 in the presence of the vapours of TATP; HCI: pJG131 in
the presence of the vapours of HCl 35%; H,0,: pJG131 in the
presence of the vapours of H,O,; pristine alG125; TATP:
alJG125 in the presence of the vapours of TATP, all under white
light; Second row: same experimental conditions than in the
first row, but under a UV lamp, 366 nm. Third row: pristine
pJG135; TATP: pJG135 in the presence of the vapours of TATP;
HCI: pJG135 in the presence of the vapours of HCl 35%; H,0,:
pJG135 in the presence of the vapours of H,0,, pristine aPC63;
TATP: aPC63 in the presence of the vapours of TATP, all under
white light. Fourth row: same experimental conditions than in
the third row, but under a UV lamp, 366 nm.
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Again the main features are a dramatic increase in the
fluorescence emission of pJG131 and pJG135 in the presence
of TATP vapour in a very selective fashion and a slight
sensitivity to strong acid vapour, seen as a small increase in
fluorescence emission. Acetic acid or triethylamine vapours did
not show noticeable fluorescence changes (not shown). On the
other hand, hydrogen peroxide vapour, under the same
conditions, showed a remarkable decrease in the initial
fluorescence of the materials. The adsorbed colorants alG125
and aPC63 showed similar features, albeit the initial colours of
plates were less pronounced. Therefore, both types of
materials were suited for the detection of TATP vapour but the
functionalized silica samples had better performance. Steady
state spectra in Figure 8 showed the increase in the emission
intensity of pJG131/pJG135/aJG125/aPC63 in the presence of
TATP or HCI. The quantitative increase in fluorescence with the
solid materials was performed by measurement of quantum
yield differences between samples, by repeating three times
each sample until error was lower to 2%. Consequently, for
pJG131 the overall increase of the quantum yield in the
presence of TATP vapour was ®ycizrstate/Ppiciz1 = 3.4; for
pJG135 the overall increase of the quantum yield in the
presence of TATP vapour was ®ycizsitate/®Ppic131 = 3.5; for
comparison, the overall increase of the quantum yield in the
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presence of HCl vapour was much lower, ®pg131+nc/Ppic131 =
1.0; ®pie135+10/Dpicis1 = 1.6. The adsorbed colorants on silica
gave similar results. In all cases, the increase in fluorescence in
the presence of TATP vapour was sufficient for reliable
measurements.
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Figure 8 Response in fluorescence of pJG131/pJG135 and TATP
or HCI. n)JG131: A, =438 nm. nJG135: A, = 487 nm.

Wavelength (nm)

To understand the observed Iluminescent behaviour we
performed quantitative fluorescence titration experiments in
the solid/gas phase and in solution. In the solid/gas phase the
experiment was performed to calculate the minimum amount
of TATP that produced a detectable response between TATP
gas and solid silica, measured in steady state. Fixed quantities
of TATP where vaporized as in previous experiments in the
presence of a sample containing 15 mg of nJG131 silica
nanoparticles in a single 100 mL flask under recirculating
nitrogen (100 mL/min) for 10 minutes and the fluorescence
increase of every silica sample was then measured (Figure 9).
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Figure 9 Upper: Qualitative effect of increasing amounts of
TATP vapour on nJG131 under a 366 nm UV light. Lower:
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Fluorescent titration profile and calibration plot of nJG131
with increasing amounts of TATP, A, = 495 nm, A, = 620 nm.

By making a linear regression plot at low amounts of TATP the
LOD was calculated by having a 5% or less of false
positive/negative responses when detecting TATP. The
calculations lead to a limit of detection of 0.12 mgL’1 (same
method used in previous calculated LODs). Using less TATP
amounts there was still signal but it gave very low repeatability
because of the difficulty when handling low quantities of solid
TATP. Therefore, 0.12 mgL’1 TATP in the experimental
conditions represents a reliable minimum amount detected by
the technique. In solution, we performed quantitative
fluorescence titration experiments of JG125 (2.5-uM solution
in CHCI;:MeOH 9:1, A, = 500 nm) by adding increasing
concentrations of TATP in the same solvent mixture (Figure 10)
and compared the results to a similar titration with a common
organic oxidant, m-chloroperbenzoic acid (MCPBA) (Figure 11).
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Figure 10 Fluorescent titration and titration profile at 556 nm
of JG125 (2.5 uM solution in CHCI;:MeOH 9:1) under increasing
concentrations of TATP. Inset pictures: Initial fluorescence of
JG125 (left) and after addition of 20 mM TATP (right).

TATP titration of a JG125 solution showed the appearance of
an emission in fluorescence at 556 nm and the decrease of the
initial band at 665 nm after addition of excess TATP (Figure 9).
The titration plot could be fitted to a sigmoidal curve with an
asymptotic maximum after addition of a large excess of TATP
(Figure 9). MCPBA titration of a JG125 solution showed the
appearance of an emission in fluorescence at 556 nm and the
decrease of the initial band at 665 nm after addition of excess
MCPBA (Figure 10). The titration plot could be fitted to an
asymptotic curve by addition of excess of MCPBA (Figure 10).
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Figure 11 Fluorescent titration and titration profile at 556 nm
of JG125 (2.5 uM solution in CHCI;:MeOH 9:1) under increasing
concentrations of MCPBA. Inset pictures: Initial fluorescence of
JG25 (left) and after addition of 20 mM MCPBA (right).

The main differences between both fluorescence titration
corrected spectra were the presence of an isosbestic point for
the TATP titration, which is not evident in the case of the
MCPBA titration, and the steepest titration profile in the case
of MCPBA acid (that afforded a limit of detection of 7.4 uM or
1.3 pg/mL) that reached the asymptotic maximum at a much
lower concentration of oxidant. But generally speaking both
titration curves were closely related, indicating in both cases
an oxidation process of the fluorogenic probe JG125 and in this
case the higher oxidative ability of MCPBA with respect to
TATP, as it is commonly accepted. The differences were even
larger in the case of PC63 (see the Supporting Information
Figures S50-S51) supporting an oxidation of the dyes with an
increase of the fluorescence as the dye is oxidized. In support
for the oxidative nature of the detection mechanism we
performed cyclic voltammetry experiments of JG125/1G125d
as well as DFT calculations on the structure JG125/JG125d in
its neutral state and the first oxidation state, and compared all
results in search of an explanation of the luminescent
behaviour of the dye in the presence of TATP. Cyclic
voltammetry (See Supporting Information Figures S63-S64)
showed important differences between JG125 and JG125d.
While JG125 underwent a reversible oxidation at E° = +1.13 V,
JG125d showed an irreversible oxidation wave with a value of
Epx = +1.01 V. This different behaviour was assigned to the
presence or absence of the N-H bond. The radical cation
formed by the one-electron oxidation of the secondary amine
in JG125d should be very reactive leading to the observed
electrochemical irreversibility and, therefore, the Ey value
could not relate directly to thermodynamic values. These
values indicate an estimated difference between the oxidation
potential of both compounds of 0.12 V. To know the position
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of the oxidation process we performed quantum chemical
calculations on structures JG125 and JG125d. Optimization of
compounds was carried out separately as neutral and radical
cation in DFT calculations at the B3LYP23/6—31(d,p) level with
simultaneous computation of PCM solvation®* energies in
dichloromethane, by using Gaussian 09, Revision D.01.” Each
structure was verified to be a true minimum by the absence of
imaginary frequencies in the vibrational analysis. Figure 12
displays the HOMO and the SOMO for JG125. Similar plots
were calculated for JG125d (see Supporting Information
Figures S66-S67). As expected, these two molecular orbitals
display a similar topology and both orbitals are centered on
the PDI core and the pyridine ring with important participation
of the piperazine nitrogen atom bonded to the position 2 of
the pyridine ring. There is, as well, a small participation of
orbitals belonging to the oxygen atoms of the bisimide
fragment.

HOMO JG125

SOMO JG125"

o /‘%’?

HOMO JG125[0]
0.10
33 H33 H15  H27 H26 W24
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Figure 12 DFT calculated HOMO and SOMO plots for
compound JG125/1G125" and HOMO plot of JG125[0]. NBO
plot of differences between radical and neutral charges for
every atom in JG125/JG125". Outer groups are not labelled.

The most important difference is the small participation of the

orbitals of the N-H bond of the piperazine in the non-protected
compound JG125d while the protection with Boc of the amine
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in JG125 cancels this contribution to the HOMO. The
difference in the structure of HOMOs between both
compounds stabilizes the HOMO of JG125 in 0.04 eV. The
difference in the reversibility observed in the electrochemistry
can be related to the observed differences in the HOMO of
JG125/1G125d as well. The oxidation process affects the
charge of the atoms with orbitals participating in the HOMO,
displaying an increase of the positive electric charge of these
atoms. The NBO®® analysis showed the highest increase in the
charge, after the removal of one electron, located on the
piperazine nitrogen atom directly bonded to the position 2 of
the pyridine ring (See N87 position in Figure 12). This atom
showed an increase in its charge of 0.104 for JG125 (its natural
charge value changed from -0.458 in the neutral compound to
-0.354 in the oxidized radical cation) and 0.124 in compound
JG125d (variation from -0.454 in the neutral compound
to -0.330 in the oxidized radical cation). It is expected that the
oxidation by TATP will start on this nitrogen atom. To confirm
the oxidation, we subjected a small sample of JG125 to
reaction with excess TATP and sent the residue to MALDI-TOF
mass spectrometry, from which a peak at m/z 761.42,
corresponding to the protonated N-oxide of JG125+0+H", was
clearly seen (m/z calcd 761.37) (See Supporting Information,
Figure S65). In order to understand the recovering of the
luminescence observed after the reaction with TATP, the
product of oxidation was modeled as a N-oxide on the N(87)
(see Figure 12). The HOMO of JG25[0] was notably simplified
as compared to the HOMO of JG125 so the molecular orbital
was centered on the perylenemonoimide fragment with a very
small participation of the pyridine ring, displaying an electronic
density distribution similar to a classic unsubstituted
perylenemonoimide (Figure 12), confirming that the nitrogen
oxidation stopped the charge transfer from its initial lone pair
to the aromatic core of the PMI, interrupting the luminescence
quenching already existing in JG125 and therefore giving rise
to the fluorescence increase experienced by JG125 in the
presence of TATP.

Conclusions

In conclusion, we have developed fluorogenic materials that
were able to generate fluorescence in the presence of vapours
of triacetone triperoxide, TATP, an improvised explosive used
in terrorist attacks. The materials worked in a stream of
vapours of TATP, giving a strongly fluorescent response. The
fluorescent response given by the materials to the presence of
TATP was permanent so it could be checked at any time after
the TATP exposition. The mechanism consisted in the oxidation
of an amino-substituted pyridine side group that quenched the
fluorescence of the conjugated fluorophore by an
intramolecular charge-transfer effect until it was oxidized with

subsequent release of the original fluorescence of the
perylenemonoimide/perylenediimide fluorophores. The
materials are insensitive to hydrogen peroxide, the

decomposition product of TATP, which is the common analyte
used to detect TATP, but in itself it is not a threat. Therefore
the reported materials detect TATP solely by the interaction

This journal is © The Royal Society of Chemistry 20xx



with the vapours of the intact explosive, minimizing the risk of
a false positive detection.
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