
Dye-modified silica-anatase nanoparticles for the 
ultrasensitive fluorogenic detection of the improvised 

explosive TATP in an air microfluidic device

Journal: Materials Chemistry Frontiers

Manuscript ID QM-RES-07-2021-001041

Article Type: Research Article

Date Submitted by the 
Author: 20-Jul-2021

Complete List of Authors: Torroba, Tomas; Universidad de Burgos, Department of Chemistry
Arsenyan, Pavel; Latvian Institute of Organic Synthesis
Lapcinska, Sindija ; Latvian Institute of Organic Synthesis
Revilla-Cuesta, Andrea; Universidad de Burgos, Department of 
Chemistry
Abajo-Cuadrado, Irene; Universidad de Burgos, Department of 
Chemistry
Cuevas-Vicario, José; Universidad de Burgos, Department of Chemistry
Avella, Manuel; IMDEA Materials Institute

 

Note: The following files were submitted by the author for peer review, but cannot be converted to PDF. 
 You must view these files (e.g. movies) online.

TATP_DETECTION_GRAPH_ABSTR_1.cdx
TATP_DETECTION_MATER_CHEM_FRONT_STRUCTURES.xyz

Materials Chemistry Frontiers



Research Articles ― Referee Guidelines

Research Articles contain original scientific work of high impact that has not been published

previously.

We ask you to only recommend work for publication which demonstrates a significant advance

in the field; routine and incremental work – however competently researched and reported

should not be recommended for publication.

Please provide a rapid yet comprehensive evaluation of this work by submitting your report on

its originality, significance, impact and scientific reliability within 10 days.

It is the expectation that only work with two strong endorsements will be accepted for

publication.

Thank you very much for your assistance in reviewing this manuscript.

Materials Chemistry Frontiers
MaterChemFrontiersED@rsc.org

Materials Chemistry Frontiers is the ideal home for studies of a
significant nature that further the development of organic, inorganic,
composite and nano-materials. It focuses on the synthesis and chemistry
of exciting new materials, and the development of improved fabrication
techniques. Characterisation and fundamental studies that are of broad
appeal are also welcome.

Only work within the top 25% of the field in terms of quality and interest
should be recommended for publication.

Journal homepage: http://rsc.li/frontiers-materials

Please be aware of our Ethical Guidelines, which contain full information on the responsibilities
of referees and authors, and our Refereeing Procedure and Policy.

Impact Factor*

6.788

Page 1 of 21 Materials Chemistry Frontiers

https://www.rsc.org/journals-books-databases/journal-authors-reviewers/author-responsibilities/
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/reviewer-responsibilities/


Dear Editor: Please find enclosed the manuscript: Dye-modified silica-anatase nanoparticles for 
the ultrasensitive fluorogenic detection of the improvised explosive TATP in an air microfluidic 
device, By: Sindija Lapcinska, Andrea Revilla-Cuesta, Irene Abajo-Cuadrado, José V. Cuevas, 
Manuel Avella, Pavel Arsenyan and Tomás Torroba, which is intended for publication in the 
Journal Materials Chemistry Frontiers as a paper. The paper introduces a new material for the 
detection of traces in air of an important material used in improvised explosive devices, 
triacetone triperoxide, that constitutes an improvised explosive of very difficult detection, for 
this reason has been frequently used in suicide terrorist attacks. In this manuscript we 
introduce the proof of concept of a portable testing setup which will allow for field-testing and 
generation of real-time results to test for TATP vapor traces in a number of different 
environments. Our fluorescent methodology is very selective, using recirculation of the gas 
samples in connection to the sensing mechanism in a suitable microfluidic portable device, 
allowing for a controlled trapping of triacetone triperoxide in the chemical sensor to give 
reliable results at very low concentrations in air. Because of the novelty of the reported 
materials and the interest for the readers of the journal, especially those interested in the 
detection of traces of improvised explosive devices in air, I think that the paper can be suitable 
for consideration for publication in the journal as an article. 
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Dye-modified silica-anatase nanoparticles for the ultrasensitive 
fluorogenic detection of the improvised explosive TATP in an air 
microfluidic device 
Sindija Lapcinska,a† Andrea Revilla-Cuesta,b† Irene Abajo-Cuadrado,b José V. Cuevas,b Manuel 
Avella,c Pavel Arsenyan,*a and Tomás Torroba*b

We describe the proof of concept of a portable testing setup for the detection of triacetone triperoxide (TATP), a common 
component in improvised explosive devices, which will allow for field-testing and generation of real-time results to test for 
TATP vapor traces in a number of different environments, by using recirculation of the gas samples in connection to the 
sensing mechanism in a suitable microfluidic portable device, allowing for a controlled trapping of the analyte in the chemical 
sensor to give reliable results at very low concentrations in air

Introduction
The so-called improvised explosive devices (IEDs) are a mayor threat 
in modern society.1-6 Explosives commonly used in IEDs have been 
displaced from war sceneries to everyday life, therefore constituting 
a nuisance in the lives of several people. Albeit methods for the quick 
detection of explosive devices are needed, before they cause 
damage, there are very few methods for the detection of some 
explosives used in IEDs.7-11 The foremost advanced spectroscopy 
devices are indeed sensitive and selective for the purpose of identify 
this kind of chemicals but they are expensive and usually too heavy 
for portable devices12 and the technology of the cotton swab13 
requires physical access to the substance that might be not 
accessible. The use of animals in the detection of explosives has also 
a long tradition14 but for some explosives are less reliable. The 
electronic noses, constituted by artificial sensors are therefore 
studied to substitute the natural senses15-16 on the way to get easy 
monitorization of different environments. The suitable portable 
devices should alert of the presence of explosives in a matter of 
minutes. Triacetone triperoxide (TATP) is straightforwardly 
synthesized from starting materials of easy access,17 because of this 
reason is has been used in IEDs. Albeit TATP sublimes at room 
temperature, its presence in the vapor phase is not usually detected 
by the use of common methods for explosives because of the lack of 
aromatic nitro groups.18 In contrast, other important explosive, 
hexamethylene triperoxide diamine (HMTD) also employed in IEDs 
has a much lower vapor pressure than TATP therefore its detection 

in the vapor phase19 is not possible. Usual methods for the detection 
of TATP are mass spectrometry,20 ion mobility spectrometry or 
related technologies21-23 and multiphoton spectroscopy.24 Some 
alternatives are chemically modified nanosensor arrays,25 or optical 
portable methods based on colorimetric sensor arrays that detect 
hydrogen peroxide (H2O2) from TATP decomposition.26-28 Indirect 
detection methods, such as detection of H2O2 from TATP, linked to 
oxidative processes, has been used for fluorimetric sensing,29-31 as 
well as acetone detection from TATP decomposition.32-33 
Notwithstanding, direct detection of TATP has been achieved by 
fluorescence quenching.34 Analytical methods for the detection of 
TATP (or HMTD) in different scenarios need to be selective for 
peroxides, suitable for on-site analysis and safe sampling by a 
specialist,35 and it is expected to have low limits of detection and high 
selectivity suitable to check for the peroxides in order to prevent 
explosions in confined public places.36 An extremely low limit of 
detection is easier to achieve with the highly volatile TATP than with 
the less volatile HMTD.37 Most physicochemical analytical methods 
for peroxide-based explosives are designed in this way.38-39 The 
detection of traces of TATP in the vapor phase by colorimetric or 
fluorometric methods by taking in account its volatility is still an 
attractive approach to the developing of chemical sensors for 
peroxide explosives. Some characteristics such as sensitivity and 
selectivity are still not well addressed. Our previous approaches 
consisted of solid fluorogenic sensors for the sensitive and selective 
detection of pristine TATP40-41 and the microwave detection of wet-
TATP42 all in the vapor phase. Looking for more selective and 
sensitive materials specifically tailored for the unambiguous 
detection of TATP in the vapor phase,43 we performed a deep search 
in our structural diversity of dyes containing selenium44-46 as the 
expected fluorescence modulator47 for the detection of oxidizing 
species.48 We selected a coumarin structure for its very good 
performance in previously known fluorescent chemosensors.49 By 
synthetic variations of structural rigidity and substituent position we 
prepared a new dye with optimum characteristics in which the turn-
on fluorescence mechanism could be triggered via oxidation by only 
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hydrophobic oxygen-containing oxidants. The subsequent study of 
the dye supported on the surface of silica or anatase nanoparticles 
should then permit the construction of new materials with optimum 
performance for the selective and ultrasensitive detection of traces 
of TATP in a vapor phase. The results of the study are presented here.

Results and discussion
Synthetic procedure

For the synthesis of the fluorogenic dye, the selenyl electrophile was 
generated from di-Boc-seleno-L-cystine by using K2S2O8 and then 
trapped with 2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-yl 
3-phenylpropiolate.50 Subsequent 6-endo-dig cyclization and reverse 
phase chromatography provided the required Boc-Sec containing 
coumarin SL-739 as a brown oil (37%) (Scheme 1). 
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Scheme 1: Synthesis of SL-739.

Preparation of modified nanoparticles.

Three types of samples were prepared by adsorption of SL-739 on 
commercial nanoparticles to be tested as TATP sensors: (a) silica, (b) 
anatase and (c) hybrid silica/anatase. Modified silica nanoparticles 
(SL-739@SiO2) were prepared by stirring under nitrogen, in the dark, 
1 mg of SL-739 and 100 mg of silica nanopowder, 10-20 nm particle 
size, in 5 mL chloroform for 30 minutes until there was no trace of 
dye in the solvent, then the solvent was evaporated, the solid was 
washed for three times with hexane (5 mL each), and the solid was 
subjected to centrifugation and drying under nitrogen stream. 
Modified titanium(IV) oxide nanoparticles, anatase, (SL-739@TiO2) 
were prepared similarly from 1 mg of SL-739 and 100 mg of TiO2, 
anatase nanopowder, <25 nm particle size. Modified titanium silicon 
oxide (SL-739@TiSiO4) were prepared similarly from 1 mg of SL-739 
and 100 mg of TiO2/SiO2 nanopowder, <50 nm particle size (Figure 
1).
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Figure 1: (a) Structural and elemental composition of the starting 
TiSiO4 nanoparticles. (b) Chemical structure representation of SL-
739@TiSiO4. (c) High resolution TEM image of SL-739@TiSiO4 as 
prepared. (d) High resolution TEM image of SL-739@TiSiO4 after 
TATP experiments (e) Elemental composition of the SL-739@TiSiO4 
as prepared.

Titrations of SL-739@SiO2/TiO2/TiSiO4 and TATP in the gas phase

We started by checking the fluorescence quantitative changes of 
solid materials SL-739@SiO2, SL-739@TiO2 and SL-739@TiSiO4 in the 
presence of TATP in a vapor flow in a custom-made system as 
represented in Figure 2. These preliminary experiments employed 2 
mg TATP under a dry clean air flow adjusted to 100 cm3/min in a 
perforated Eppendorf, gently warmed below 50°C with an external 
air flow heating (a laboratory hot air gun) (Figure 2e). The gas flow 
was conducted through a system of two nylon tubes, so recirculation 
flow is permitted, to another perforated Eppendorf at room 
temperature containing 15 mg of the required dye-deposited 
nanoparticles. The air flow diffused through the Eppendorf stoppers 
to exhaust. The system was maintained under air flow until 
consumption of TATP in around few seconds to twenty minutes and 
recirculated for ten more minutes. Then the sensor material was 
subjected to fluorescence measurements in an Edinburgh 
Instruments FLS980 fluorometer with solid sample holder. Steady 
state spectra in all cases showed increase in the emission intensity in 
the three cases and marked growing of the bands in the region 
between 400-450 nm, more remarked for SL-739@TiSiO4 (Figure 2a-
d). A consistent comparison of the quantitative increase in 
fluorescence with the three 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%. 

Oxygen 41.73
Silicon 21.05

Titanium 37.08
Selenium 0.14

(a)

(b)

(c) (e)(d)
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Consequently, for SL-739@SiO2 the overall increase of the quantum 
yield in the presence of TATP vapor was ΦSL-739@SiO2+TATP/ΦSL-739@SiO2 
= 1.20; for SL-739@TiO2 the overall increase of the quantum yield in 
the presence of TATP vapor was ΦSL-739@TiO2+TATP/ΦSL-739@TiO2 = 1.25; 
in contrast, for SL-739@TiSiO4 the overall increase of the quantum 
yield in the presence of TATP vapor was substantially higher, ΦSL-

739@TiSiO4+TATP/ΦSL-739@TiSiO4 = 2.09, therefore in this case the increase 
in fluorescence in the presence of TATP vapor was satisfactory for 
reliable measurements and SL-739@TiSiO4 was used exclusively 
along the rest of the study.
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Figure 2: (a) The microfluidic device dimensions: Eppendorf: outer 
top diameter: 11 mm, inner top diameter: 9 mm, outer bottom 
diameter: 5 mm, inner bottom diameter: 3 mm, volume: 1.5 mL, 
height (with lid): 40 mm, height (without lid): 38 mm; tubing: outer 
diameter: 3 mm, inner diameter: 1.5 mm, length (flow tube): 25 mm, 
length (return tube:): 35 mm. Normalized fluorescence of (b) SL-
739@SiO2, (c) SL-739@TiO2, and (d) SL-739@SiTiO4, pristine (black) 
and in the presence of excess TATP (red), λexc = 350 nm. Insets: left: 
pristine nanoparticles, right: nanoparticles after TATP treatment, all 
under a UV light 366 nm. (e) The actual aspect of the system.

We then performed a quantitative titration of TATP in the gas phase 
by using, as previously, batches of 15 mg of SL-739@SiTiO4 and 
increasing amounts of TATP in the microfluidic system maintained 
under air flow, 100 cm3/min, gently warmed below 50°C until 
consumption of TATP in every case. The lowest amounts of TATP took 
only seconds to evaporate (plus ten minutes for recirculation) and 
the highest amounts took up to twenty minutes, therefore the 
experiments were performed within ten and thirty minutes until 
consumption of TATP. Then the sensor material was subjected to 
fluorescence measurements in every case (Figure 3). The results 
showed a remarkable sensitivity of SL-739@SiTiO4 to very low 

amounts of TATP in the vapor phase and a decreased sensitivity at 
higher amounts of TATP, albeit at even higher amounts of TATP the 
fluorescence increased steadily.
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Figure 3: (a) Titration curves of SL-739@SiTiO4 with increasing 
amounts of TATP in the vapor phase. (b) Titration plot of SL-
739@SiTiO4 and increasing amounts of TATP λexc = 350 nm, λem = 402 
nm. (c) An expansion of the titration plot of SL-739@SiTiO4 and 
increasing amounts of TATP. (d) Linear regression plot at low 
concentrations of TATP.

The titration plot showed a rapid increase in the fluorescence values 
under the presence of TATP until a maximum value at 0.14 mg TATP 
(2.45 equiv), then a decrease from 0.14 to 0.30 mg TATP (5.25 equiv), 
and then a continuous increase in the fluorescence under increasing 
amounts of TATP. Therefore, the material works appropriately for 
the detection of TATP traces in air at concentrations below 0.1 mgL-1 
(0.45 μM). We calculated the limits of detection, LODs, from the 
initial titration plot values by IUPAC-consistent methods.51 
Calculation of the LOD by using a linear regression at low quantities 
of TATP (LOD = 3.3×SD/s, where SD is the standard deviation of a 
blank figure sample and s is the slope of the calibration curve in a 
region of low TATP content) gave a value LOD = 
3.3×(325.87861/1.15138×107) = 9.34×10-5 mg (93.4 ng) in absolute 
value or, taking in account the time of measurement and air efflux, 
LOD = 93.4 ngL-1 (0.4 nM). Assuming that the best LOD values are 
found in the ppb to ppm range for TATP sensing in the gas phase,52 
the explained method competes favorably in terms of sensitivity and 
simplicity with the known methods with a LOD value of 10 ppb. We 

(a)

(b) (c)

(d) (e)

(a)

(b) (c)

(d)
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also 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.53-54 In this way, linear regression at low 
concentrations of TATP led to a LOD = 5.5 μg in absolute value or, 
taking in account the time of measurement and air efflux, a LOD = 
5.5 μgL-1 (24.7 nM), that can be considered as a good approach to the 
limit of quantification, LOQ, of the material. The maximum saturation 
equilibrium concentration of TATP has been reported as 600 μgL-1 
(2.7 μM)17 therefore, the reported material is well suited for the 
detection of TATP vapor in a stream flow in the tenths of thousandth 
of the maximum concentration in air. This unusual behavior in the 
gas phase was then compared to the study of the dye oxidative 
behavior by using TATP in solution. 

Titrations of SL-739 and TATP or MCPBA in organic solutions

The kinetic study of a 10 μM solution of SL-739 in CHCl3:MeOH 9:1 
and a large excess TATP (2 mg in 3 mL solution) showed a slow 
increase of the fluorescence after the addition of TATP (Figure 4) with 
appearance first of a band at 540 nm at shorter times of 
measurements and then of a band centred at 505 nm followed by a 
shoulder at 460 nm.
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Figure 4: Kinetic study (a) and fluorescence profile as a function of 
time at 505 nm (b) of a 10 µM solution of SL-739 in CHCl3:MeOH 9:1 
in the presence of excess TATP. Inset: variation of the fluorescence 
maximum along time.

Point to point titration of 10 µM solutions of SL-739 in CHCl3:MeOH 
9:1, in the presence of increasing amounts of TATP, showed an 
increase in fluorescence (after one hour for every point) in two 
different regions at different stages of addition of TATP (Figure 5).
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Figure 5: (a) Titration curves of 10 µM solutions of SL-739 in 
CHCl3:MeOH 9:1 with increasing amounts of TATP in solution. (b) 
Titration plots of 10 µM solutions of SL-739 in CHCl3:MeOH 9:1 with 
increasing amounts of TATP in solution, λexc = 350 nm, λem = 413, 435 
and 547 nm. (c) Ratiometric plots of different emission bands, 
413/547, 435/547, 547/413 and 547/435. (d) Linear regression plot 
at low concentrations of TATP of the ratiometric factor 413/547.

First, two bands at 413 and 435 nm grew steadily until 50 μM solution 
TATP was added and then decreased until 100 μM TATP and then 
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somewhat increased under higher amounts of TATP. When the bands 
at 413 and 435 nm decreased to a minimum, a band at 547 nm 
started to grow steadily until the end of titration, a similar behaviour 
of the emission band found in the kinetics experiment under similar 
time of measurement. Ratiometric plots of the different emission 
bands, 413/547, 435/547, 547/413 and 547/435 at low 
concentrations of TATP showed patterns of increase or decrease of 
ratios until 50 μM solution TATP was added, then patterns are 
reversed until 100 μM TATP solution, then increase and decrease are 
again reversed until 1mM TATP solution and a confluence point at 3 
mM TATP, where all ratios have similar values, is reached, after that 
547/413 and 547/435 ratios grew steadily and 413/547 and 435/547 
ratios decreased steadily until the end of titration. We calculated the 
LOD within the values measured (different than 0) by adjusting the 
initial values of the ratiometric factor 413/547 to a mean square 
linear regression and using the R program.53-54 In this case, the linear 
regression at low concentrations of TATP led to a limit of detection 
of 2.8 μM TATP, that can be considered as a good approach to the 
limit of quantification, LOQ, of the material, and it is suitable for 
practical purposes. Remarkably, under low amounts of TATP only 
bands around 400 nm are shown, as in the case of the experiments 
in the gas phase, where the concentration of TATP in air is limited to 
the saturation equilibrium concentration. The slow kinetics of 
increase of fluorescence showed by SL-739 in the presence of TATP 
in solution was in strong contrast to the rapid kinetics in the behavior 
shown by SL-739@SiTiO4 and TATP vapor. Apparently, the 
supporting nanoparticles accelerated the reaction by catalyzing the 
expected oxidation process. To complement the study, we then used 
a classic oxidant, meta-chloroperbenzoic acid (MCPBA) for kinetic 
studies and titration experiments with SL-739 in solution. Under the 
kinetics experiment, addition of MCPBA excess to SL-739, 2.5 µM in 
CHCl3:MeOH 9:1, showed a rapid increase of the fluorescence value 
at 445 and then increased very little on time (Figure 5).
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Figure 6: Kinetic study (a) and fluorescence profile as a function of 
time at 445 nm (b) of a solution of SL-739, 2.5 µM in CHCl3:MeOH 
9:1, in the presence of excess MCPBA (2 mg in 3 mL).

Therefore, the titration experiment was performed in one single 
fluorescence cell, by successive additions of MCPBA. Titration of a SL-
739 solution, 2.5 μM in CHCl3:MeOH 9:1, under increasing 
concentrations of MCPBA, is shown in Figure 7.

400 450 500 550 600 650
0.0

5.0x104

1.0x105

1.5x105

2.0x105

2.5x105
exc = 350 nm

Em
is

si
on

 in
te

ns
ity

 (a
.u

.)

Wavelength (nm)

0 5000 10000 15000 20000 25000
0.0

5.0x104

1.0x105

1.5x105

2.0x105

2.5x105

 Emission intensity (a.u.) at =440nm
 Emission intensity (a.u.) at =537nm

Em
is

si
on

 in
te

ns
ity

 (a
.u

.)

MCPBA (M)

0 5000 10000 15000 20000 25000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

F G
/F

B

MCPBA (M)
Figure 7: (a) Titration curves of 2.5 µM solutions of SL-739 in 
CHCl3:MeOH 9:1 with increasing amounts of MCPBA in solution. (b) 
Combined titration plots 2.5 µM solutions of SL-739 in CHCl3:MeOH 
9:1 with increasing amounts of MCPBA in solution, λexc = 350 nm, λem 
= 440 and 537 nm. (c) Ratiometric plot of the two emission bands, 
537/440. (d) Linear regression plot at low concentrations of TATP of 
the ratiometric factor Fg/Fb.

The titration curves showed two emission peaks at 440 nm and 537 
nm under a wavelength excitation of 350 nm. With the addition of 
MCPBA, the intensity of the green emission at 537 nm (Fg) first 
quickly increased until a maximum at 920 μM MCPBA and then 
gradually decreased as a blue emission at 440 nm (Fb) steadily 
increased and remained until the end of titration, apparently the 
same band shown during the kinetics experiment under excess 
MCPBA. The ratio of fluorescence intensities at 537 and 440 nm 
(Fg/Fb) exhibited a sharp increase of value until 1.15 mM MCPBA and 
then asymptotically decreased with increasing MCPBA 
concentrations. For completeness we also calculated the LOD within 
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the values measured (different than 0) by adjusting the initial values 
of the ratiometric factor 537/440 to a mean square linear regression 
and using the R program.53-54 In this case, the linear regression at low 
concentrations of MCPBA led to a limit of detection of 0.18 μM 
MCPBA, lower than in the case of TATP in solution, that can be 
considered as a good approach to the limit of quantification, LOQ, of 
the material. MCPBA is not a species searched in environmental 
samples, therefore the obtained values constituted only a reference 
of the sensitivity of the probe.

Qualitative interferents tests

Previous experiments had already shown the selectivity of the SL-739 
probe to the presence of oxidants such as TATP or MCPBA 
exclusively. Addition of excess common anions or cations did not 
show changes in color or fluorescence, only excess gold(III), as 
hydrogen tetrachloroaurate(III), showed a neat increase of 
fluorescence (See the Supporting Information). In contrast to probes 
with large selection of analytes,55 SL-739 probe was not sensitive to 
the presence of nitrated explosives such as trinitrobenzene (TNB) or 
trinitrotoluene (TNT) or common oxidants such as hydrogen peroxide 
or nitric acid in the conditions performed for the qualitative 
experiments, following related conditions to the previously used for 
titration experiments. Thus, 25 µM solutions of SL-739 in 
CHCl3:MeOH 9:1, in the presence of increasing amounts of analytes 
and suspected interferents, were left for one hour and then taken 
photographs under a 366 nm UV light. In some instances, large 
excess reagents or suspected interferents are added to guarantee 
that there is no interference. It is remarkable the different response 
to TATP or MCPBA and the absence of response to the presence of 
excess hexamethylene triperoxide diamine (HMTD) (Figure 8). 

Figure 8: Qualitative experiments of sensitivity of SL-739, showing 
the different response given to acids, oxidizing and reducing 
reagents, nitrated explosives, and peroxide explosives: [1] Ref: SL-
739, 20 µM in CHCl3:MeOH 9:1, 500 µL, + 400 µL MeOH, [2] Ref[1]+8 
equiv HCl 0.5 mM in 160 µL H2O + 400 µL MeOH, [3] Ref[1]+8 equiv 
HNO3 0.5 mM in 160 µL H2O + 400 µL MeOH. [4] Ref[1]+8 equiv oxone 
0.5 mM in 160 µL H2O + 400 µL MeOH, [5] Ref[1]+8 equiv hydrazine 
0.5 mM in 160 µL H2O + 400 µL MeOH, [6] Ref[1]+8 equiv hydrogen 
peroxide 0.5 mM in 160 µL H2O + 50 µL hydrogen peroxide, 30% w/w 
in water, + 400 µL MeOH, [7] Ref: SL-739, 20 µM in CHCl3:MeOH 9:1, 
500 µL + 160 µL MeOH, [8] Ref[7]+8 equiv MCPBA 0.5 mM in 160 µL 
MeOH+2 mg solid MCPBA, [9] Ref[7] + 8 equiv TNB 0.5 mM in 160 µL 
MeOH, [10] Ref[7] + 8 equiv TNT 0.5 mM in 160 µL MeOH, [11] Ref: 
SL-739, 20 µM in CHCl3:MeOH 9:1, 500 µL, [12] Ref[11] + 2 mg 
MCPBA, [13] Ref[11] + 2 mg TATP, [14] Ref[11] + 2 mg HMTD, 
photograph under 366 nm UV light, taken 1 h after the last addition. 

DFT Calculations

The non-linear behavior of the SL-739 probe, either in solution or 
supported on TiSiO4 hybrid nanoparticles, was certainly unexpected, 
giving a different performance at different concentrations of 
oxidants. We reasoned that different oxidation states of the 

molecule could give different emission spectra. Being intermediate 
species in the titration experiments, calculation of the different 
species in the titration process could be a way to understand the 
fluorescence changes. For this purpose, DFT and TD-DFT calculations 
were carried out in order to understand the photophysical behavior 
observed. The oxidation of SL-739 (1) can lead to the formation of 
the products 2 and 3 (Figure 9). All species have been modeled in 
their ground state and the calculated values of the gap HOMO-LUMO 
were 3.46, 3.47 and 3.42 eV for the species 1 to 3 respectively. TD-
DFT calculations were performed to estimate the excitation energy 
of these molecules as the value of the energy of the first excited state 
calculated with the geometry of the ground state. The values 
obtained for these energies of excitation were 391.6, 397.2 and 
392.9 nm for the species 1 to 3 respectively. The emission values 
were estimated as the difference in energy between the first singlet 
excited state and the ground state for each model. The calculated 
value for 1, 2 and 3 were 537.6, 576.8 and 458.0 nm respectively. The 
value of the mono-oxidized molecule 2 (576.8 nm) is in good 
agreement with the experimentally observed emission at 537 nm. 
This band vanished after an initial sharp growing, meanwhile the 
signal appearing at 440 nm was growing in intensity. The 
experimental signal at 440 nm can be correlated to the theoretical 
signal at 458.0 nm that belonged to the emission from the S1 excited 
state to the S0 of the selenodioxide model 3 (Table 1).

R1 Se R2 MCPBA

1

N O O
R1 =

N
H

COOH
BocR2 =

MCPBA
R1 Se R2

2
R1 Se R2

3

O O

O

emission: 537.6 nm 576.8 nm 458.0 nm

Figure 9: Models of oxidation intermediates employed for the DFT 
calculations of emission wavelengths.

Table 1. Calculated maximum absorption and emission wavelength 
of modeled species at the B3LYP/def2-svp level of theory with the 

SMD solvation model (chloroform).

Molecule Items  (nm; eV)
1 Absorption 391.6; 3.17

Emission 537.6; 2.31
2 Absorption 397.2; 3.12

Emission 576.8: 2.15
3 Absorption 392.9; 3.16

Emission 458.0; 2.71
We also calculated the interaction of the carboxylate moiety with the 
solid TiO2 with anatase structure through the facet (100), that was 
modeled at the semiempirical level PM6. As expected, both oxygen 
atoms of the carboxylate were orientated towards two titanium 
atoms of the anatase with distances of 2.350 and 2.478 Å. The 
substituents of the -carbon of the amino acid displayed a 
disposition in which the amino fragment and the selenium were 

   1   2   3   4   5   6      7   8   9  10    11 12  13 14
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orientated away from the TiO2, being the plane of coumarin 
fragment almost perpendicular to the facet (100) of the anatase 
(with an angle of 83.02) (Figure 10).

Figure 10: Model of interaction of the carboxylate moiety of SL-739 
with the solid TiO2 with anatase structure through the facet (100).

For completeness of the mechanistic experiments, we 
performed 1H-NMR titration experiments of SL-739 (3 mg SL-
739 in 0.5 mL CDCl3 as solvent) with increasing amounts of TATP 
(from 5 μg to 15.8 mg) or MCPBA (from 5 μg to 3.2 mg) (See the 
Supporting Information). We did not notice large changes in the 
1H-NMR spectra, other than the opposite displacement of the 
OH proton signal due to the different environments of each 
titration, and some desymmetrization in the aliphatic signals, 
which in summary is compatible with the stepwise oxidation of 
the selenium atom along the titration experiments with TATP or 
MCPBA.56

Experimental
Synthesis of SL-739. 2,3,6,7-Tetrahydro-1H,5H-pyrido[3,2,1-
ij]quinolin-8-yl 3-phenylpropiolate (I) (83 mg, 0.22 mmol, 1.4 equiv.) 
and K2S2O8 (2.53 g, 9.4 mmol, 50 equiv.) were added to a solution of 
di-Boc-seleno-L-cystine (II) (100 mg, 0.187 mmol, 1 equiv.) in MeCN 
(5 ml). The reaction mixture was stirred until disappearance of 
starting materials, filtrated, evaporated and purified by reverse 
phase chromatography (C-18, MeCN/H2O+AcOH 20-85%) to provide 
product SL-739 as a brown oil (40 mg, 37%) (Scheme 1). [α]D

20 = -34.7 
(c 0.73, MeOH). 1H NMR (400 MHz, CD3OD) δ = 7.70–7.60 (m, 2H), 
7.60–7.50 (m, 1H), 7.50–7.41 (m, 2H), 7.11 (s, 1H), 4.30–4.24 (m, 1H), 
3.21–3.12 (m, 5H), 2.95 (dd, J = 12.5, 8.3 Hz, 1H), 2.77–2.69 (m, 2H), 
2.63–2.55 (m, 2H), 1.98–1.89 (m, 4H), 1.41 (s, 9H). 13C NMR (101 
MHz, CD3OD) δ = 174.5, 157.6, 153.4, 149.7, 146.0, 136.2, 134.3, 
132.3, 130.0, 121.7, 120.5, 115.3, 106.7, 89.3, 81.1, 80.5, 50.8, 50.2, 
40.9, 30.9, 28.7, 28.4, 23.4, 22.8, 22.2. 77Se NMR (76 MHz, CD3OD) δ 
= 195.1. HRMS (ESI/Q-TOF) m/z: [M+Na]+ calcd for [C29H32N2O6SeNa]+ 
607.1323; found 607.1324. [M]+ calcd for [C29H32N2O6Se]+ 584.1426; 
found 584.1426.
DFT Calculations. The geometry optimization of SL-739 and the 
products of its oxidation both in the ground state and the singlet first 
excited state were carried out using the ORCA software.57-58 The 
singlet ground state (S0) geometries in them were optimized using 

DFT calculations with the Becke-3-Lee–Yang–Parr (B3LYP) 
functional59-60 and def2-SVP basis set.61 The electronic absorptions 
and the geometries of the lowest singlet excited state (S1) were 
optimized by using Time Dependent-DFT (TD-DFT) at the same level 
of theory. The solvation effects were considered using the 
continuum model SMD.62 The data of emission energies were 
estimated as the difference of energy between the S1 and S0 
structures. The interaction of SL-739 with the plane 100 of anatase 
was modeled at the semiempirical PM6 level of theory63 as using the 
Gaussian 09 software package,64 without any restriction imposed to 
SL-739, but freezing the atoms of the anatase to simulate a solid 
particle. 

Conclusions
Triacetone triperoxide (TATP) constitutes an improvised 
explosive of very difficult detection, for this reason has been 
frequently used in suicide terrorist attacks. The proof of concept 
of a portable testing setup was developed which will allow for 
field-testing and generation of real-time results to test for TATP 
vapor traces in a number of different environments. Our 
fluorescent methodology is very selective, using recirculation of 
the gas samples in connection to the sensing mechanism in a 
suitable microfluidic portable device, allowing for a controlled 
trapping of analyte in the chemical sensor to give reliable results 
at very low concentrations in air.
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1.- Characterization of SL-739

Figure S1: 1H NMR (400 MHz, CD3OD)

Figure S2: 13C NMR (101 MHz, CD3OD)
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Figure S3: 77Se NMR (76 MHz, CD3OD)

Figure S4: HRMS (ESI/Q-TOF)
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2.- Solvatochromism tests

This test is performed at a concentration of 2*10-5 M and its objective is to select the most 
suitable solvent for subsequent tests. The solvents used in carrying out the solvatochromism 
tests are the ones shown in the following table:

1. H2O 2. MeOH 3. DMSO
4. DMF 5. MeCN 6. Acetone
7. EtOAc 8. THF 9. CHCl3

10. DCM 11. Toluene 12. Et2O
13. Hexane 14. MCH

Table S1. Solvents used in the solvatochromism test.

For each compound, the normalized absorbance, emission intensity and normalized 
emission spectra are shown; as well as UV images. The solvent chosen thanks to this test to 
perform the following ones must be miscible with water and present a fluorescence that allows 
to clearly observe increases, decreases and any other type of variation. UV and visible images 
are made for each compound right after the addition.

SL-739 Solvatochromism (absorbance and emission spectra)
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Table S2. SL-739 absorbance and emission spectra.

λexc = 350 nm. No clear displacement of the emission bands is observed as a function of the 
solvent.
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Image analysis
Solvatochromism

Conditions: 500 µL of 2*10-5 M solution of product in each vial, 14 different solvents.
Results: fluorescence is visually noticeable for solvents from (2) MeOH to (11) Toluene.
MeOH is chosen for the subsequent tests.

Table S3. SL-739 solvatochromic tests.

3.- Water acceptance and pH tests

The water acceptance test consists of the preparation of 11 500µL vials of a 2*10-5 M 
solution of the compound, with increasing percentages of water (from 0% to 90%). The purpose 
of this test is to qualitatively determine the maximum water acceptance capacity of our product 
solution.

The pH test consists in subjecting our 2*10-5 M product solution to different pH conditions 
by adding 1M HCl, HEPES buffer solutions (pH 3.4, 4.8, 6.4, 7.4, 7.9 and 10.4) and 1M KOH 
in order to determine variations in fluorescence due to the effect of pH.

UV and visible images are made for each compound right after the addition.

Results obtained in the different tests carried out for each of the compounds under study are 
detailed below. Water acceptance test

Conditions: 500 µL of 2*10-5 M solution of our product in each vial, MeOH + different water 

   1   2   3   4    5   6      7    8  9   10    11 12  13 14

   1   2   3   4    5    6     7    8   9   10   11 12  13 14

   R   5%   10% 20%  30% 40% 50% 60% 70% 80% 90%

   R   5%   10% 20%  30% 40% 50% 60% 70% 80% 90%
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percentages as solvent.
Results: a light green fluorescence can be seen. It disappears when a 60-70 water percentage is 
reached. The pH test is carried out with a water content of 70%.

pH test

Conditions: 500 µL of 2*10-5 M solution of product in each vial, MeOH + 5mM HEPES 
solution (70% of the total volume) as a solvent.
Results: very little increase in fluorescence at pH values between 3.4 and 7.9 and some increase 
in fluorescence after the addition of concentrated KOH solution. 

Table S4. SL-739 water percentage and pH tests.

4.- Ions test

This test consists of the addition of 1-2-4-8 eq of solutions corresponding to 11 different 
anions and cations to the 2*10-5 M solution of our compound to qualitatively observe and 
analyze variations in its fluorescence. The solutions of the different ions are prepared in water, 
so there is also a reference vial to which equivalent amounts of water are added. The solution of 
the product we are studying is carried out in the most suitable solvent (or solvent mixture) to 
correctly visualize changes in fluorescence. This solvent is selected, for each product, from the 
results obtained by the solvatochromism test. The ions solutions used in carrying out the test are 
the ones shown in the following table:

Anions
1. F- 2. Cl- 3. Br- 4. I-

5. BzO- 6. NO3
- 7. H2PO4

- 8. HSO4
-

9. AcO- 10. CN- 11. SCN-

Cations
1. Ag+ 2. Ni2+ 3. Sn2+ 4. Cd2+

5. Zn2+ 6. Pb2+ 7. Cu2+ 8. Fe3+

9. Sc3+ 10. Al3+ 11. Hg2+ 12.  Au3+

13. Co2+ 14. Pd2+ 15. Ir3+ 16. Cu+

17. Ru3+ 18. Pt2+

Table S5. Ion solutions used in the ion tests.

   R    HCl     3.4    4.8     6.4     7.4     7.9      10.4    KOH 

   R    HCl     3.4    4.8     6.4     7.4     7.9      10.4    KOH 
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UV and visible images are made for the compound right after the addition. Anions tests

Conditions: 500 µL of 2*10-5 M solution of our product in each vial, MeOH as a solvent. 
8eq of each anion solution have been added.
Results: there are no visible variations in the fluorescence of the product as a consequence of the 
addition of different anion solutions. 

Cations tests

Conditions: 500 µL of 2*10-5 M solution of product in each vial, MeOH as a solvent.
8 eq of each cation solution have been added. 
Results: A neat increase in fluorescence can be observed after the addition Au3+ solution (12).

Table S6. SL-739 ions tests.

 R     1      2     3     4    5    6       7    8    9     10   11 

 R     1      2     3     4    5    6       7    8    9     10   11 

 R   1   2   3   4   5   6   7   8   9  10 11 12 13 14 15 16 17 18

 R   1    2    3   4    5    6   7    8    9 

 R  10  11  12 13 14 15  16  17 18 

Page 18 of 21Materials Chemistry Frontiers



S8

5.- Work concentration

In order to choose an optimum concentration for a quantitative studio, the 

absorbance and fluorescence of the probe were checked to be linear while concentration 

changes are small (Figure 1). Studied in CHCl3:MeOH (9:1 v:v):
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Figure S5. Absorbance (up) and fluorescence (down) of SL-739 solution in CHCl3:MeOH 9:1, 
under increasing concentrations of SL-739, λexc = 350 nm (down).

The work concentration ideally should stay at 0.1 of absorbance or less, to avoid 

inner filter effects, possible dynamic quenching or stacking processes. It implied a 

concentration below 7 µM. Taking the results into account, the chosen concentration 

was 2.5 μM, value around which the Lambert-Beer law (or pseudo-Lambert-Beer linear 

behaviour for fluorescence) was fulfilled.

6.- The recirculation system for TATP vapours

The recirculation system for the TATP vapours was designed. This system 

consisted of two plastic test tubes for centrifuge (Eppendorf) connected to each other. 

The first of them contained increasing amounts of TATP that were evaporated by 
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applying heat and was also connected to an air compressor that caused the vapours to 

circulate towards the second of the containers. This one contained SL-739 SiTiO4 

nanoparticles and its outlet hole connected again with the first Eppendorf in such a way 

as to produce a recirculation of the TATP vapours; as shown in the following images.

   
Figure S6. Complete recirculation system (left) designed for the experiment and close up 

view (right).
The calibration was performed in steady state, fixed quantities of TATP were 

vaporized in the presence of a sample containing 10 mg of SL-739 SiTiO4 nanoparticles 

and the fluorescence increase was measured 10 minutes after the complete vaporization 

of each TATP sample. 

Typical time for sublimation of TATP samples in the gas-solid experiments: 

TATP (mg) Sublimation time
0.032 1’41” 
0.048 1’45”
0.083 2’14”
0.114 2’42”
0.158 3’10”
0.203 3’21”
0.247 3’57”
0.333 4’26”
0.483 5’03”
0.800 7’45”
1.000 11’23”
1.400 13’13”
2.100 19’37”

*10 minutes recirculation after evaporation of TATP samples.

Table S7. Typical time for sublimation of TATP samples in the gas-solid experiments.
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7.- 1H NMR Titrations of SL-739 with TATP and MCPBA

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
ppm

Figure S7: 1H NMR Titration of SL-739 with TATP, 3 mg SL-739 in 0.5 mL CDCl3 as 

solvent, 5 µg to 15.8 mg TATP. Inset: Total amount of added TATP in each step. 
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Figure S8: 1H NMR Titration of SL-739 with MCPBA, 3 mg SL-739 in 0.5 mL CDCl3 
as solvent, 5 µg to 3.2 mg TATP. Inset: Total amount of added MCPBA in each step.
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