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Abstract: The well-known fluorophore, namely 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene, has
been studied profoundly as a fluorescent sensor toward nitroaromatic compounds in solutions
and vapor phase. Three prototypes of fluorescent materials for vapor sensing were prepared via
electrospinning and drop-casting onto the melamine formaldehyde foam with the fluorophore as
a pure solid or as a dopant in the polystyrene matrix. It has been shown that this fluorophore and
solid fluorescent materials based on it have high detection limits toward nitroaromatic compounds
within the range of 10−8 to 10−9 M in acetonitrile solution and within the up to ppb range in the
vapor phase. The model, expanding on Frisch’s permeation model, was utilized to characterize
the fluorescence response of materials relative to vapor concentration and duration of exposure to
vapor. All prototypes can be used as sensor materials exhibiting a good sensitivity and selectivity
for the original hand-made sniffer for detecting nitro-containing explosives in the vapor phase for
real-time application.

Keywords: nitroaromatic explosive detection; fluorescence chemosensors; polystyrene; pyrene

1. Introduction

The development of new chemosensors and chemosensor-derived materials for trace
probing of various explosives and explosive precursors is an important challenging aim for
homeland security, demining, and ecological monitoring efforts worldwide [1,2]. Nitroaro-
matic compounds (NACs) are widely used for the preparation of explosive blends, but
also NACs have applications as agrochemicals, dyes, and pharmaceuticals. In particular,
2,4,6-trinitrotoluene (TNT); 2,4-dinitrotoluene (2,4-DNT); and 2,4,6-trinitrophenol (picric
acid, PA) can be used as a primary explosive in munitions, including landmines [3]. Both
explosive and non-explosive NACs, such as nitrobenzene (NB), are toxic and carcinogenic
compounds [4,5], with exposure limits in the air at the 8 h interval regulated down to
0.2 ppm for NB vapor, and down to 1.5 mg m−3 for 2,4-DNT and 2,4,6-TNT [6,7].

Although many precise techniques exist for NAC detection and quantification (e.g.,
mass spectrometry, ion mobility spectrometry, gas/liquid chromatography), they are gener-
ally expensive and feature complex devices that are time-consuming to operate and less
often portable [8,9], but achieve selective and precise detection of analytes at up to sub-ppt
vapor pressures [2]. On the other hand, various sensor types and devices based on methods
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such as surface-enhanced Raman spectrometry [10], quartz microbalances [11], electro-
chemical sensors [12], colorimetric and fluorescent sensors [13] have been developed that
are cheaper, less complex, suitable for on-site application, and allow detection of analyte
vapors in ppm to ppt concentrations range [2]. The fluorescent method is particularly
interesting due to the simplicity of technical implementation, high sensitivity, low cost,
and the capability of the stand-off detection of NAC vapor traces. The attenuation in
fluorescence intensity, emission wavelength, anisotropy, or fluorescence lifetime could be
registered, with the integral fluorescence intensity attenuation possible to register even
with the naked eye [14–16]. Fluorescent detectors of analyte vapors most often register the
emission quenching of the sensor material exposed to electron-deficient NAC molecules,
and depending on the sensor material design and used fluorophores have detection limits
toward NACs from sub-ppm to sub-ppt concentration range [17–21].

Significant efforts were put into the research of fluorescent polymers with unique
optical and sensing properties [22–25]. Their high sensitivity is attributed to the “molecular
wire” effect of exciton migration along the polymer chain, allowing the quenching of
multiple monomers at once by a single quencher molecule [21,26]. However, the synthesis
of such polymers is complicated, and their high sensitivity in solutions does not translate
directly into the sensitivity toward vapor phase analytes due to the mechanics of the analyte
interaction with the sensor material [27]. Recently, Ali reported that fluorescent sensing
dendrimer films do not benefit from the “molecular wire” effect due to permeation into the
thick of the polymer material being the dominant factor in forming fluorescent response
on exposure to vapor phase quenchers [28,29]. The implication of this is that a simpler
approach to synthesizing monomolecular fluorophores can be used to achieve a gas-phase
sensitivity level comparable to one of the fluorescent polymers.

Though employing fluorescent polymers for gas phase sensing might not bring en-
hanced sensitivity, doping fluorophores into polymer matrices can be used to adjust the
optical and electrochemical properties of fluorophores [30–32], adapt fluorophores for
use in specific conditions [33], and increase the photostability of fluorophores [34]. The
use of polymer matrices also allows obtaining the surface of the sensor material via con-
ventional polymer deposition methods, such as electrospinning [35,36] and the breath
figure [37,38], that can be employed to produce materials with increased surface area. For
example, Sun developed pyrene-doped polystyrene (Py-PS) porous sensing film via the
breath figure method that has shown enhanced optical properties and sensitivity towards
2,4-DNT vapors, compared to pure pyrene [39]. Jang attributed the enhanced sensitivity of
Py-PS electrospun fibers to the decreased LUMO energy level and concluded that exciton
migration along the PS chain is not the key mechanism defining the quenching efficiency
by 2,4-DNT vapor [40].

The combination of a sensor material with a sorbent in a vapor sensing setup helps to
achieve a higher fluorescence response. It was shown by Yu that a composite consisting of
electrospun fluorophore-doped PS fibers and gelatin fibers has better sensitivity compared
to fluorophore–PS fibers alone [41,42]. The increased sensitivity was attributed to the
hydrogen bonding of NACs to gelatin molecules and gelatin porosity that resulted in
the accumulation of the quencher close to a fluorophore. The PS itself is known for its
sorption properties [43] and was previously reported to be used as an adsorbent of organic
molecules [44–46].

Polycyclic aromatic hydrocarbons, such as pyrene and its derivatives, proved to have
high quantum yields and chemical stability [47,48]. In particular, 1,3,6,8-tetrakis[(trimethylsilyl)
ethynyl]pyrene was described [49] and suggested to be a NAC sensor in solution and
vapor phase, as a film fabricated via drop-casting onto glass [50]. Xu reported that this
fluorophore forms four kinds of aggregate types with differing optical characteristics, that
can be manipulated mechanically, thermally, or by solvent vapor treatment [51]. This
implies that the method of fabrication of sensor material might have an impact on the
detection sensitivity towards vapor phase analytes, but no research studies of sensor
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properties of materials relative to the fabrication method or polymer matrices containing
the fluorophore have so far been reported for 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene.

For the detection of low concentrations in solutions, the Stern–Volmer model of fluores-
cence quenching is widely applied to obtain quenching constants and limits of detection. A
similar model and method of characterization for vapor phase analytes are lacking, though
for polymer materials the relation of fluorescent signal to vapor concentration probably
has a log–log form [52]. The model of fluorescent response toward analytes in vapors
must reflect not only vapor concentration but also the duration of fluorescent material
exposure to vapors. Researchers that put forward new fluorescent sensor compounds often
limit the showcase of the gas phase sensing applicability to the exposure by saturated
analyte vapor [53,54] or low vapor concentrations of the analyte [55] in static gas mixtures.
However, the practical application of fluorescent materials often implies the detection of
transient and diluted analyte vapor brought to the sensor material with the airflow driven
by a sensing device’s pump [56–58].

Here, we wish to report a sensor application of pyrene derivative 1,3,6,8-tetrakis[(trimethy-
lsilyl)ethynyl]pyrene, further abbreviated as F, toward NACs in solution and vapor phases.
To adapt F for gas-phase sensing, three new fluorescent polymer materials based on F were
obtained. The impact on sensor properties of polystyrene (PS) matrix, the concentration
of F doped into PS, and sensor material deposition via electrospinning and drop-casting
were studied. Obtained materials were used to fabricate a permeable sensor type based on
a melamine formaldehyde foam. Fluorescent materials were characterized by UV–vis and
photoluminescent spectroscopy, and their fluorescence quenching response on exposure
to NAC and non-NAC vapors was studied. Lastly, we put forward a method to obtain
calibration curves of fluorescent response relative to vapor-phase quencher concentration
and duration of material exposure to vapor expanding on Frisch’s analyte permeation
model. The proposed model is used to characterize the fluorescent response of the most
sensitive sensor materials toward diluted NACs vapors.

2. Results

Firstly, we discuss the capability of fluorophore 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]
pyrene, abbreviated as F, to detect NACs in solutions. Subsequently, we follow up with
obtaining and characterizing solid sensor materials based on F and a blend of F with PS as
sensors toward vapor phase analytes. The molecular structures of F and PS are shown in
Figure 1.
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Figure 1. Structures of fluorophore F and polystyrene (PS) used to prepare fluorescent sens-
ing materials.

2.1. Photophysical Studies of F in Chloroform Solution

The fluorescence spectra of F in chloroform and acetonitrile solutions are shown in
Figure S1; φF values were determined relative to quinine sulfate in 0.1Nr H2SO4 as standard
(φF = 0.54) [59]. The spectra were recorded in the concentration range of 10−6–10−5 M,
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and therefore the reported data correspond only to monomer emission. In chloroform,
absorption peaks are at 250, 259, 291, 303, 316, 389, 412, 438 nm; maximum molar extinction
coefficient at 438 nm is 160,000 M−1cm−1; emission peaks are at 444, 472 nm; quantum
yield 0.49; obtained results agree with previously reported data [49,50]. In acetonitrile,
absorption peaks are at 292, 308, 313, 369, 387, 408, 412, 433 nm; maximum molar extinc-
tion coefficient at 433 nm is 70,000 M−1cm−1; emission peaks at 447, 470 nm; quantum
yield 0.49.

2.2. Detection of Nitroaromatic Compounds in Acetonitrile Solution

To estimate the ability of the F to detect nitroaromatic analytes in solution, the fluores-
cence titration was performed in acetonitrile using a method previously reported in [60].
The structures of used nitroaromatic analytes are shown in Figure 2. The mechanism of the
fluorescence quenching of F by NACs was previously studied in [50] and it was attributed
to the electron transfer complex formation. The efficiencies of fluorescence quenching were
quantified by the Stern–Volmer constants (KSV) according to the Stern–Volmer’s fluores-
cence quenching model I0/I = 1 + KSV × [Q], where I0 and I are the fluorescence intensities
in the absence and in the presence of a quencher in solution and [Q] represents the quencher
concentration. The detection limits (DL) were determined as DL = 3σ/KSV = 3 × SNR−1

KSV
−1, where σ and SNR are the standard deviations of the noise and signal-to-noise ratio

of the fluorimeter used to register fluorescence attenuation, respectively. The quenching
efficiencies at 447 nm, Stern–Volmer constants, and detection limits are summarized in
Figures 3 and S2–S5, and Table 1. The highest quenching efficiencies were observed for ni-
trophenols and nitrobenzene with detection limits in the 10−9 M range exceeding previously
reported values for monomolecular probes [61].
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acetonitrile at the spectra peak wavelength of 447 nm.

Table 1. Quenching constants (KSV) and detection limits (DL) of nitroaromatic analytes towards
fluorophore F in acetonitrile solution.

Nitrocompound KSV (M−1) DL (M)

NB 100,676 2.97 × 10−9

1,3-DNB 8061 3.72 × 10−8

1,3,5-TNB 9597 3.12 × 10−8

TATB 4069 7.37 × 10−8

2-NP 9236 3.24 × 10−8

4-NP 4716 6.36 × 10−8

2,4-DNP 147,193 2.03 × 10−9

4-NT 3583 8.37 × 10−8

2,4-DNT 6706 4.47 × 10−8

2,4,6-TNT 5876 5.10 × 10−8

DDBu 14,371 2.08 × 10−8

DNAN 13,137 2.28 × 10−8

TNAN 10,472 2.86 × 10−8

PA 123,932 2.42 × 10−9

SA 114,515 2.61 × 10−9

DL values were calculated with the assumption of signal-to-noise ration of spectrophotometer equal to
10,000 [62].

2.3. Morphology and Photophysical Studies of Obtained Solid Sensory Materials

Based on F, three sensor materials for vapor phase sampling were obtained at various
concentrations of the fluorophore. The material mF/Elsp was produced via an electrospin-
ning solution of F in tetrahydrofuran (THF) at Cfluor = 5× 10−3 M. The material mF+PS was
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obtained via a drop-casting solution of F and PS. The material mF+PS/Elsp was obtained
via electrospinning the solution of F and PS. Electrospinning parameters in both cases were
selected according to the literature [63–65]. The melamine formaldehyde foam was selected
as a deposition substrate to produce sensor materials and fabricate sensor types via the
previously described method [66]. In brief, commercially available melamine formalde-
hyde foam was cut into sheets and works as an air-permeable inert substrate for materials
deposition. A review of previously reported implementations of melamine formalde-
hyde foam as a substrate for sensor compounds toward vapor phase analytes is given in
Table S1 [67–71]. Versions of materials mF+PS, mF+PS/Elsp at various concentration orders
of F were prepared to study the dependence of photophysical and sensory properties on
the dopant versus PS concentration ratio (1 × 10−2, 1 × 10−3, and 1 × 10−4 M of F for
mF+PS; 2 × 10−2, 2 × 10−3, and 2 × 10−4 M of F for mF+PS/Elsp).

Figure 4 and Figures S6–S8 show images of obtained fluorescent materials captured
under UV and visible illumination under magnification. The mF/Elsp deposition resulted
in a foam web covered with the fluorophore. For the mF+PS/Elsp, the molecular weight
of used PS was not high enough to form fibers and deposition occurred as spraying of
PS beads of 13.3 ± 3.2 µm size (mean ± std) with a shape resembling the one reported
in the literature used to select electrospinning parameters. For mF+PS, drop-casted so-
lution on evaporation produced droplets of PS adjusting to the shape of the foam web
with F appearing orange in the thick and blue in droplets at web connections. This is
supposedly related to F concentration distribution in material regions, with blue regions
containing low F concentration that is insufficient to form longer wavelength emitting F
excimer aggregates.
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(a) and of obtained fluorescent sensor materials mF/Elsp (b), mF+PS (c), mF+PS/Elsp (d) under
UV illumination.
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Photophysical properties of obtained solid materials mF/Elsp and mF+PS, mF+PS/Elsp
at different concentration orders of F were investigated at room temperature by using
UV/vis and photoluminescence spectroscopy. The resulting steady-state absorption, emis-
sion, and excitation spectra are shown in Figures 5–7. Data for mF/Elsp are repeated
on graphs.
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Figure 6. Absorbance (Abs, solid), excitation (Ex, dotted), and emission (Em, dashed) spectra of
obtained solid fluorescent material mF/Elsp (electrospun 5 × 10−3 M fluorophore solution) and
materials mF+PS, mF+PS/Elsp (drop-casted and electrospun solutions containing 1 × 10−3 M and
2 × 10−3 M of the fluorophore, respectively).

All solid materials are bathochromically shifted in emission compared to the emission
of F in solutions. Spectra of PS-containing materials show a significant dependence on
concentration. At 10−4 M concentration order PS-containing materials exhibit mixed
emission spectra consisting of short wavelength structured components from vibrational
bands of F monomer and of bathochromically shifted excimer emission in 560–600 nm
band. A similar mixed monomer and excimer emission was reported in [72] where F
was doped into polymethylmethacrylate (PMMA). For mF+PS/Elsp at 10−4 M of F, the
vibrational structure in emission and absorption is more prominent than in mF+PS at
10−4 M of F, suggesting that the application of an electric field during deposition hinders
the formation of excimers. Even at higher fluorophore concentrations and broadening
absorption spectra, the structured absorption of the monomer is noticeable and more
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prominent for mF+PS/Elsp compared to mF+PS indicating the decrease in aggregation in
the strong electric field during deposition. Broadening of absorption spectra for mF+PS
and mF+PS/Elsp with increasing concentration of F can be attributed to steric hindrance of
the fluorophore surroundings, increasing with the fluorophore concentration and formation
of aggregates.
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Figure 7. Absorbance (Abs, solid), excitation (Ex, dotted), and emission (Em, dashed) spectra of
obtained solid fluorescent material mF/Elsp (electrospun 5 × 10−3 M fluorophore solution) and
materials mF+PS, mF+PS/Elsp (drop-casted and electrospun solutions containing 1 × 10−4 M and
2 × 10−4 M of the fluorophore, respectively).

The same hindering of excimer formation must take place during deposition of
mF/Elsp, and the broad emission at 601 nm and absorption terminus at 590 nm agree
with the respective wavelengths for amorphous Oa-form of aggregates appearing as an
orange powder reported in [51]. Notably, orange needle-like structures can be obtained
with F drop-casted not in an electric field onto the substrate that corresponds by appearance
to “rigid” Oc-form aggregates with 620 nm absorption terminus.

The shift of absorption peak for mF+PS/Elsp 10−2 M of F concentration to shorter
wavelengths relative to the one of mF+PS/Elsp at 10−4 M of F concentration indicates the
formation of H-aggregates that was reported to occur without a loss in quantum yield for
pyrene- and perylene-based fluorophores [51].

To select the optimal fluorophore concentration from the NAC sensing perspective
obtained materials were exposed for 30 s to saturated vapors of 2,4,6-TNT accumulated in a
10 mL flask, the recording is shown in Figure S11. The PS-containing materials with higher
concentrations of fluorophores showed a bigger quenching response and were selected for
further study; further abbreviations of obtained materials imply fluorophore concentrations
of 2× 10−2 M for mF+PS/Elsp and 10−2 M for mF+PS. Notably, mF+PS/Elsp response was
weaker than that of mF+PS, suggesting that aggregation of F is preferable for vapor phase
sensing of NACs. A method to suppress monomer formation could be used to enhance the
sensitivity of F in polymer matrices.

The photostability and brightness of selected materials were tested by exposing materi-
als to UV illumination at 40 mW power in static air as shown in Figure S12. The photodecay
is faster for mF/Elsp compared to PS-containing materials: 0.75%, 0.25%, and 0.18% of ini-
tial intensity was lost after UV exposure for materials mF/Elsp, mF+PS, and mF+PS/Elsp,
respectively. The fluorescence of PS-containing materials appeared to be brighter than
that of mF/Elsp. These effects can be attributed to the polymer matrix interfering with
the access of molecular oxygen to F. Molecular oxygen is a known dynamic quencher of
fluorescence and can participate in the oxygen-dependent pathway of photobleaching [34].



Chemosensors 2023, 11, 167 9 of 20

2.4. Sensing Performance towards Various Analytes in Vapor Phase

The evaluation of the fluorescent signal of materials to vapor phase analytes was
performed as follows. Previously reported sensor cartridges and fluorescence recorders
were used to fabricate sensor elements and record fluorescence quenching [66]. Briefly,
the fluorescence recorder (Figure S9) based on a compact camera was used to register the
fluorescence response of an array of sensor materials (Figures 8 and S10). Foam sheets
bearing sensor materials were cut into square fragments and installed into slots of the sensor
element. Structures of nitroaromatic and non-nitroaromatic analytes used for gas-phase
evaluation are shown in Figure 9.
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Figure 9. Structures of nitroaromatic (black) and non-nitroaromatic (green) analytes used to study
fluorescent response of obtained materials versus vapor phase analytes.

The general scenario of the recording consisted of an interval of material exposure
to analyte vapors preceded and followed by periods of air cleaning from analyte vapor.
An example of fluorescence attenuation recording with a 50 s exposure interval is shown
in Figure 10. The UV illumination intensity, pump rate, and analyte vapor concentration
during exposition were kept constant. To obtain diluted concentrations of analyte vapor
previously described hardware was used [66] that allowed obtaining saturated vapor and
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its dilutions down from 10% of saturated concentration. For further details, we refer the
reader to the “General Information” section in Supplementary Materials.
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Figure 10. The recording of fluorescence responses of obtained sensor materials towards 160 mL of
saturated vapor of nitrobenzene and the example of metrics Iexp and Irecov used to quantify fluorescent
response of the material.

Similar to the Stern–Volmer model for fluorescence quenching in solution, fluorescence
intensities in absence of analyte I0 and in presence of analyte I were defined for vapor phase
testing. During the exposure interval and past it, the observed fluorescence intensity was
taken as I, and I0 was predicted by a linear model trained on intensity points preceding the
exposure interval. By this method, the photobleaching of employed fluorescent materials
was accounted for. Differences between I0 and I at the end of exposure to vapors Iexp and at
the end of post-exposure material recovery under clean air Irecov were taken as metrics of
the sensor response to analyte vapor as shown in Figure 10.

The fluorescence intensity responses on 50 s exposure to saturated vapors of non-
nitroaromatic (see columns 1–10) and nitroaromatic (see columns 11–14) analytes are
presented in Figure 11.
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Reversible quenching to water, ethanol, acetone, toluene, ammonia, 1,2-dichlorobenzene,
and DMNB was recorded for all materials. That can be ascribed to weak sorption by
materials due to their non-aromatic nature. That allows reversible fluorescence attenuation,
especially for water vapor, which is abundantly present during on-site monitoring.

Fluorescence enhancement was observed on exposure to toluene, diethylamine, and
allylamine which can be attributed to the higher LUMO level of these analytes compared to
the one of fluorophore F in the sensor material [73]. Notably, weak quenching was observed
for mF+PS on exposure to diethylamine and allylamine, indicating a higher LUMO level
of mF+PS compared to other sensor materials.

Quenching response with reduced reversibility of the signal was observed for ni-
troaromatic compounds NB, 2,4-DNT, 2,4,6-TNT, and for non-nitroaromatic phenol. The
decrease in signal reversibility points out to the sorption of aromatic compounds by PS.
The maximum quenching on exposure to NB was observed for PS-containing mF+PS, and
the maximum quenching from DNT and TNT was achieved with mF/Elsp. It suggests
that the sorptive property of PS enhances the signal produced by aromatic and volatile
molecules by preventing their desorption. For NACs with lower vapor pressure such as
2,4-DNT, 2,4,6-TNT, PA the addition of PS matrix hinders access of NAC molecules to the
fluorophore. The material mF/Elsp was the only one to produce a quenching signal toward
the PA which is the least volatile NAC used in the work (saturated vapor concentration
0.97 ppb at 25 ◦C), showing the detection limit toward NACs for mF/Elsp at below 1 ppb
level. In comparison to previously reported fluorescent polymers, obtained materials show
enhanced sensitivity towards weakly volatile nitroaromatic solids such as 2,4-DNT and
2,4,6-TNT and achieve direct sensing of PA at a 50 s exposure interval, but show lesser
response to NB [66].

The study of fluorescence quenching in solution showed that F is selective toward
nitrophenols, however in the vapor phase the fluorescence response of NB, 2,4-DNT, 2,4,6-
TNT is higher compared to the very weak response to PA vapor observed only for mF/Elsp.
This difference in sensitivity in solution and vapor phases can be attributed primarily to
the lower vapor pressure of PA (0.9 ppb at 25 ◦C) compared to the vapor pressure of NB,
2,4-DNT, and 2,4,6-TNT (371.6 ppm, 411 ppb, and 9.1 ppb at 25 ◦C, respectively). Due
to lower volatility, the total mass of molecules sorbing from the saturated vapor is lower,
resulting in a weaker fluorescent response in solid materials.

Lesser reversibility of fluorescent response for aromatic analytes and variations in
Iexp and Irecov metric values suggest that a combination of materials could be used for
the recognition of NACs in a vapor phase. To assess the potential of applying pattern
recognition to the sensor response data, the principal component analysis (PCA) dimen-
sionality reduction technique was utilized on Iexp and Irecov metrics for materials mF/Elsp
and mF+PS. The PCA is an unsupervised clustering method that transforms given data
into new orthogonal dimensions based on linear combinations of initial dimensions. The
result of the transformed data from Figure 11 is shown in Figure 12. First, two principal
components capture 92.6% of the initial total variance, and nitroaromatic analytes that
produce the strong quenching signal such as NB, 2,4-DNT, 2,4,6-TNT can be conveniently
separated from non-nitroaromatic analytes by a linear model.

2.5. Sensing Properties Characterization Based on Diffusion Model

For glassy polymers, the sorption of analyte molecules from vapor into the polymer
occurs as the formation of the diffusion front and its advance into the thick of the mate-
rial [74]. The diffusion front forms due to the diffusion speed of the analyte’s molecules in
the clean polymer being lesser than in the polymer saturated with the analyte. In this case,
Frisch’s equation is used to formally describe mass uptake by the polymer layer:

mt = k × tn, (1)

lg(mt) = lg(k) + lg(t) × n (2)
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where mt is the mass uptake at the t time moment, n is the transport exponent, and k is the
empirical rate constant describing the scale of the mass uptake [27]. Often Equation (1) is used
in the log form as in (2) with an arbitrarily selected logarithm base. Equation (1) is reasonable to
use to model mass uptake by flat solids initially clean from the analyte and in which diffusion
front has formed during exposure and is located far from the material’s boundaries.
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From the fluorescent sensing perspective, the permeation of the quenching analyte as
a saturated front into sensor material allows to link the sorbed mass with the fluorescent
response via approximately linear dependency [29]. During the stable-state propagation of
the saturation front, the equal degree of quenching for materials with different thickness
will require sorption of different quencher masses. The parameter η describing quencher
mass required per unit of fluorescent response can be used as in a following equation:

mt = η × ∆PL = η × (1 − It/I0) (3)

where ∆PL is fluorescence attenuation of the solid material, I0 and It are registered fluores-
cence intensities of the material before and during exposure to analyte vapor at the time t.
By substituting mt from (3) into (2) the equation for the fluorescent response of the material
towards the sorption of the quencher can be derived:

lg(∆PL) = lg(k’) + lg(t) × n (4)

where k’ is the empirical constant defining the scale of fluorescent response for a given
sensor material and a quencher vapor at a constant vapor concentration. Equation (4) could
be used to characterize the maximum sensing potential of the sensor material type. The
assumptions of the model are the linear relation of the lg(∆PL) to lg(t) during stable-state
front propagation and the parameter n being constant over a range of vapor concentrations.

To verify the validity of assumptions, fluorescent materials mF+PS and mF/Elsp were
exposed to vapors of NB, 2,4-DNT, and 2,4,6-TNT at various concentrations. Based on
results with saturated vapors in Section 2.3, materials mF/Elsp and mF+PS and analytes
NB, 2,4-DNT, 2,4,6-TNT were selected for further study; tests with mF+PS as a sensor to
2,4,6-TNT were not conducted. Sets of at least four sensor materials at once were allocated
on the sensor cartridge that was exposed to vapor at a constant concentration in a 100 s
exposure interval. Quenching responses were plotted in lg(1 − It/I0) vs. lg(t) coordinates,
and the results are shown in Figures 13, 14 and S14–S16.
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Figure 13. lg(∆PL) vs. lg(t) plot for material mF/Elsp at various NB vapor concentrations. A set of at
least four sensor materials on the sensor element was used to record each quenching response. Each
solid lines and shaded area around it represent the mean and the std.dev. of the quenching response
at selected time point. Dashed lines are linear approximations of lg(∆PL) vs. lg(t).
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Figure 14. lg(∆PL) vs. lg(t) plot for material mF+PS at various NB vapor concentrations. A set of at
least four sensor materials on the sensor element was used to record each quenching response. Each
solid lines and shaded area around it represent the mean and the std.dev. of the quenching response
at selected time points. Dashed lines are linear approximations of lg(∆PL) vs. lg(t).
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The linear model was fit onto obtained quenching responses at the t interval from
10 to 90 s to obtain estimates of the permeation transport exponent parameter n̂
(mean ± std). The interval from 10 to 90 s was chosen to exclude the initial phase with
saturation front formation and the final phase that might contain error in concentration
due to specifics of used vapor generation hardware. For quenching by NB, n̂ values of
0.27 ± 0.05 and 0.33 ± 0.02 were obtained for mF/Elsp and mF+PS, respectively. For
quenching by 2,4-DNT, n̂ values of 1.08 ± 0.14 and 1.15 ± 0.12 were obtained for mF/Elsp
and mF+PS, respectively. Results show linearity of the lg(∆PL) vs. lg(t) relation, with the
records obtained at the highest vapor concentrations fitted well with the linear function.
Relatively low relative standard deviations of all n̂ estimates suggest that the transport
character can be assumed as the same over a range of concentrations not only for polymer
materials such as mF+PS but also for non-polymer crystalline solids such as mF/Elsp. For
quenching by 2,4,6-TNT, the mean n value of 0.74 was obtained for mF/Elsp.

At the lowest used concentrations, the fluorescent signal of the material for mF/Elsp
vs. NB and mF/Elsp vs. NB remains almost constant over the exposure period. It can
be attributed to the error in I0 prediction by a linear model extrapolating the intensity
point preceding the quenching interval. In addition, it could be attributed to the saturation
front not forming at low penetrant vapor concentration [75] with the easily permeable
surface layer of polymer being quenched [76]. Such recordings were excluded from the
n̂ estimation.

With the increase in quencher concentration, the parameter lg(k’) tends to increase,
and it could be used to obtain graduation curves of the fluorescent response relative to the
vapor concentration of the quencher and exposure time. However, due to the error present
in the n̂ estimation, it is to be chosen what value of t to take as a starting value to plot the
n̂ × lg(t) relation. We used the fluorescence quenching value at t = 90 s due to its higher
absolute values and calculated an estimate of lg(k̂′) as:

lg(k̂′) = lg(∆PLt=90) − n̂ × lg(90) (5)

where ∆PLt=90 is the fluorescence signal at t = 90 s. Obtained lg(k̂′) estimates were plotted
versus lg(C) for quenchers NB and 2,4-DNT versus sensor materials mF/Elsp and mF+PS.
The linear model was fit with the equation below to the data as shown in Figure 15:

lg(k̂′) = a + lg(C) × b (6)

where a and b are coefficients of the linear fit, and lg(C) is the lg of vapor concentration in
ppb. Obtained coefficients are shown in Table 2. By substituting lg(k̂′) in (4) with the one in
(6), the model of fluorescence quenching response of the sensor material on exposure to
vapors of an analyte at concentration C during duration t takes a following form:

lg(∆PL) = (a + b × lg(C)) + n̂ × lg(t) (7)

which allows calculating detection limits toward the vapor phase analyte knowing the
SNR of the fluorescence recording device (Table 3). Additionally, we refer the reader to the
Supplementary Materials (see “Quenching model derivation” section).

Table 2. Transport exponent estimates n̂ and model parameters a, b for fluorescent materials mF/Elsp,
mF+PS toward NB and 2,4-DNT in vapor phase.

Nitrocompound Sensor Material
^
n

(Mean ± Std)
a

(Mean ± Std)

b
(ppb−1,

Mean ± Std)

NB mF/Elsp 0.27 ± 0.05 −5.47 ± 0.72 0.70 ± 0.17

NB mF+PS 0.33 ± 0.02 −6.95 ± 0.45 1.01 ± 0.11

DNT mF/Elsp 1.15 ± 0.17 −6.54 ± 0.55 1.91 ± 0.43

DNT mF+PS 1.15 ± 0.12 −7.02 ± 0.03 2.03 ± 0.02



Chemosensors 2023, 11, 167 15 of 20

Table 3. Detection limits (DL) of NB and DNT vapors towards sensor materials mF/Elsp and mF+PS
calculated via obtained model parameters.

Nitrocompound Sensor Material
DL a, 10 s
Exposure

(ppb)

DL a, 50 s
Exposure

(ppb)

DL a, 100 s
Exposure

(ppb)

NB mF/Elsp 1389 747 571

NB mF+PS 3741 2205 1756

DNT mF/Elsp 17.9 6.8 4.5

DNT mF+PS 26.1 10.5 7.1
a DL limits were calculated with the assumption that the fluorescence recorder is capable to register 0.1% intensity
attenuation. Saturated vapor concentrations for NB, DNT are 371.6 ppm and 411 ppb at 25 ◦C, respectively.
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3. Conclusions

It has been shown that 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl] pyrene-doped materials
can be used for the fabrication of fluorescent sensors for the on-site detection of nitroaro-
matic explosives and related compounds. It has been clearly demonstrated that the emission
of the fluorophore and obtained polymer material was highly sensitive towards various
nitroaromatic compounds, both in solution and in the vapor phase. The detection limits of
1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene for nitroaromatic compounds in acetonitrile
solution reached 2.03 × 10−9 M. The sensor materials for our hand-made sniffer based on
this pyrene derivative, which was prepared by electrospinning and drop-casting onto the
melamine formaldehyde foam with the fluorophore as a pure solid or as a dopant in the
polystyrene matrix, were applied for the reliable detection of 2,4-dinitrotoluene vapors at
4.5 ppb during 100 s.
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4. Materials and Methods

For the information on previously described used analytical equipment and methods,
we refer the reader to the Supplementary Materials (see “General information” section).

Preparation of Sensing Materials

Commercially available melamine formaldehyde foam cut into 2 mm thick sheets was
used as a substrate for deposition of solutions.

The material mF+PS has been prepared by drop-casting 25 µL of 10−2 M fluorophore
and 2.5% w/v PS solution onto the substrate at 24% relative humidity (RH) and 25 ◦C tem-
perature. Variants of mF+PS with lower F concentrations were prepared with fluorophore
concentrations in solution equal to 10−3 M and 10−4 M.

Material mF/Elsp has been prepared via electrospinning 400–450 µL of solution con-
taining 5 × 10−3 M of fluorophore onto the melamine formaldehyde foam.

Material mF+PS/Elsp has been prepared via electrospinning 400–450 µL of solu-
tion containing 2 × 10−2 M of fluorophore and 5% w/v of PS. The concentration of F
in mF+PS/Elsp was selected at higher value due to two-fold difference in PS concen-
tration in the solution used to prepare sensor materials. Variants of mF+PS/Elsp with
lower F concentrations were prepared with fluorophore concentrations in solution equal to
2 × 10−3 M and 2 × 10−4 M. Electrospinning parameters in both cases were selected
according to the literature [63–65]. For the details of the materials fabrication we refer the
reader to the Supplementary Materials (see “Fabrication of sensor materials”)

5. Supplementary References That Are Not Used in Main Text

Analyte concentration in the airflow is meant by its vapor pressure. To correct con-
centration values based on gas temperature during measurement, the Antoine equation
was used for NB [77], and the Clausius–Clapeyron equation for 2,4-DNT, 2,4,6-TNT, and
PA [78]. The coefficient A in the latter was adjusted per analyte to make the resulting vapor
pressures match pressure data from ref. [79] at 25 ◦C.

Polystyrene (Mw = 25 kDa, Mn = 13 kDa, PDI = 1.90) was synthetized from styrene
(99.5% stabilized with 4-tert-butylcatechol, “Alfa Aesar”, China) according to the earlier
reported procedure [80].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11030167/s1, General Information; Fabrication of Sen-
sor Materials; Figure S1: Absorption and fluorescence spectra of 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]
pyrene in chloroform and acetonitrile solutions.Table S1: Previously reported studies utilizing
melamine-formaldehyde foam for preparation of sensor materials; Quenching model derivation;
Figure S2: Fluorescence quenching studies of 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene in acetoni-
trile solution recorded in the presence of various concentrations of NB (a), 1,3-DNB (c), 1,3,5-TNB
(e), TATB (g). The Stern-Volmer plots of fluorescence quenching at 447 nm wavelength as a func-
tion of concentration for NB (b), 1,3-DNB (c), 1,3,5-TNB (e) and TATB (h); Figure S3: Fluorescence
quenching studies of 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene in acetonitrile solution recorded in
the presence of various concentrations of 2-NP (a), 4-NP (c), 2,4-DNP (e). The Stern-Volmer plots of
fluorescence quenching at 447 nm wavelength as a function of concentration for 2-NP (b), 4-NP (d), 2,4-
DNP (f); Figure S4: Fluorescence quenching studies of 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene
in acetonitrile solution recorded in the presence of various concentrations of 4-NT (a), 2,4-DNT
(c), 2,4,6-TNT (e), DDBu (g). The Stern-Volmer plots of fluorescence quenching at 447 nm wave-
length as a function of concentration for 4-NT (b), 2,4-DNT (d), 2,4,6-TNT (f) and DDBu (h); Figure
S5: Fluorescence quenching studies of 1,3,6,8-tetrakis[(trimethylsilyl)ethynyl]pyrene in acetonitrile
solution recorded in the presence of various concentrations of DNAN (a), TNAN (c), PA (e), SA
(g). The Stern-Volmer plots of fluorescence quenching at 447 nm wavelength as a function of
concentration for DNAN (b), TNAN (d), PA (f) and SA (h); Figure S6: Microphotos of obtained
fluorescent sensing material mF/Elsp under white light (a,c) and 365 nm UV illumination (b,d).
Photos with same level of magnification represent the same region on the sample; Figure S7: Mi-
crophotos of obtained fluorescent sensing material mF+PS under white light (a,c) and 365 nm UV

https://www.mdpi.com/article/10.3390/chemosensors11030167/s1
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illumination (b,d). Photos with same level of magnification represent the same region on the sample;
Figure S8: Microphotos of obtained fluorescent sensing material mF+PS/Elsp under white light (a,c)
and 365 nm UV illumination (b,d). Photos with same level of magnification represent the same region
on the sample; Figure S9: Fluorescence recorder used in measurements with vapor phase analytes;
Figure S10: Photos of the typical sensor cartridge loadout used in measurements captured under
365 nm UV illumination in the dark by the phone camera (a) and by the camera of the fluorescence
recorder during the measurement (b); Figure S11: Fluorescence quenching curves of a set of obtained
solid polystyrene-based materials containing various concentrations of doped fluorophore on expo-
sure to vapors saturated in a 10 mL flask containing less than 10 grams of 2,4,6-TNT. Vapor exposure
interval is marked with vertical dashed lines; Figure S12: Photobleaching of obtained fluorescent
sensor materials under approximately 40 mW of 365 nm UV illumination; Figure S13: Set of three
mF/Elsp materials versus 50 sec exposure to saturated vapors of picric acid; Figure S14: lg(∆PL)
vs lg(t) plot for material mF/Elsp at various 2,4-DNT vapor concentrations. A set of at least four
sensor materials on the sensor element was used to record each quenching response. Each solid
lines and shaded area around it represent the mean and the std.dev. of the quenching response at
selected time point. Dashed lines are linear approximations of lg(∆PL) vs lg(t); Figure S15: lg(∆PL) vs
lg(t) plot for material mF+PS at various 2-4,DNT vapor concentrations. A set of at least four sensor
materials on the sensor element was used to record each quenching response. Each solid lines and
shaded area around it represent the mean and the std.dev. of the quenching response at selected time
point. Dashed lines are linear approximations of lg(∆PL) vs lg(t); Figure S16: lg(∆PL) vs lg(t) plot for
material mF/Elsp at various 2,4,6-TNT vapor concentrations. A set of at least four sensor materials
on the sensor element was used to record each quenching response. Each solid lines and shaded
area around it represent the mean and the std.dev. of the quenching response at selected time point.
Dashed lines are linear approximations of lg(∆PL) vs lg(t).

Author Contributions: Conceptualization, E.V.V.; data curation, A.A.B. and R.D.C.; formal analysis,
E.F.Z. and R.D.C.; funding acquisition, R.D.C., G.L.R. and V.N.C.; supervision, A.A.B.; investigation,
E.F.Z., R.D.C. and K.I.L.; methodology, E.F.Z., R.D.C. and K.O.K.; project administration, E.V.V.;
resources, K.O.K., M.Z.E. and D.V.B.; software, R.D.C.; validation, E.V.V. and G.L.R.; visualization,
R.D.C.; writing—original draft, R.D.C. and E.V.V.; writing—review and editing, E.V.V. and V.N.C. All
authors have read and agreed to the published version of the manuscript.

Funding: The reported study was funded by RFBR, project number 20-37-90108. The synthetic part of
this work was supported by the Ministry of Science and Higher Education of the Russian Federation
within the framework of the State Assignment for Research (Project No. AAAA-A19-119011790132-7).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors and co-authors.

Acknowledgments: Analytical studies were carried out using equipment from the Center for Joint
Use “Spectroscopy and Analysis of Organic Compounds” at the Postovsky Institute of Organic Syn-
thesis of the Ural Branch of the Russian Academy of Sciences. Roman D. Chuvashov acknowledges
Igor I. Milman for helpful insights and supervision.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of fluorophore F and sensor materials mF/Elsp, mF+PS, mF+PS/Elsp
are available from the authors.

References
1. Yinon, J. (Ed.) Counterterrorist Detection Techniques of Explosives; Elsevier: Amsterdam, The Netherlands, 2007.
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