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Abstract: In spite of technological progress, most of the current techniques for 2,4,6-trinitrotoluene
(TNT) detection are time consuming due to laborious sensor preparation. Thereby, the aim
of this work was to enlarge the knowledge for preparing sensitive elements for TNT with
the aid of molecular imprinting; a known technique used to deliver biomimetic materials.
The study first depicts the auto-assembly mechanism of (TNT) with functional diamino-silanes (i.e.,
N-(2-aminoethyl)-3-aminopropyl methyl dimethoxysilane), via “double” Meisenheimer complexes.
This mechanism is being described herein for the first time and applied further to obtain molecularly
imprinted polymer (MIP) films for TNT recognition. For testing the potential application of films
as chemical sensor elements, typical rebinding assays of TNT in a liquid state and the rebinding
of TNT in a vapor state, using multilayered sensor chips composed of quartz-chromium (Cr)-gold
(Au)-titanium oxide (TiO2), were employed. Batch rebinding experiments have shown that thinner
films were more efficient on retaining TNT molecules in the first five min, with a specificity of about
1.90. The quartz-Cr-Au-TiO2-MIP capacitive sensors, tested in vapor state, registered short response
times (less than 25 s), low sensitivity to humidity and high specificity for TNT.

Keywords: 2,4,6-trinitrotoluene; double Meisenheimer complex; biomimetic sensitive elements;
molecular imprinting; multilayered sensors; vapor state detection

1. Introduction

2,4,6-Trinitrotoluene (TNT) is produced in enormous quantities for military munitions, being
the most widely used energetic material. Yet, its production leads to both environmental and public
security issues and for this reason, the development of sensing methods for nitro-aromatic explosives
has increased in recent years. Some of the current methods refer to fluorescence [1–5], spectroscopy [6,7],
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immunochemistry [8], ion mobility spectrometry [9,10], Raman spectroscopy [11–13] or surface plasmon
resonance (SPR) [14–16].

The fact that TNT is an electron-deficient aromatic, given by the three nitro substituents, can
be of help when developing new sensitive materials. For example, the sensing mechanism can rely
on creating stabile Meisenheimer complexes of TNT with amino-based substrates [1,2,6,7,11,14–16].
A Meisenheimer complex is an anionic complex formed by the attack of a nucleophile upon one of the
aromatic-ring carbons during the nucleophilic aromatic substitution reaction. In this respect, two types
of Meisenheimer complexes can be formed, meaning σH-complex or σX-complex, corresponding to the
non-substituted or substituted aromatic ring. The formation of such complexes is allowed so far for
developing paper-based sensors [7] and SPR sensors [16]. In this direction, the literature only attests
the use of mono-functional amines for TNT complexation, to form “single” Meisenheimer complexes
(1: 1= Amine: TNT).

More sensitive materials can be prepared if molecular imprinting (MI) techniques are
approached [17–19]. It is known that MI is a facile method to tailor biomimetic materials by
creating complementary recognition sites in an organic/inorganic matrix for targeted analytes [20,21].
This technology consists of polymerizing assemblies, generated by reversible interactions between
functional monomers and template molecules, with the formation of molecularly imprinted polymers
(MIPs). The template removal creates complementary cavities in shape, size and electronic entourage in
the polymer matrix, which are responsible for the specific recognition of the target analyte [22]. Materials
generated by this technique present high chemical resistance, thermal stability, good mechanical
properties and reusability [23]. Hence, considering the advantages of MI, many scientists have
been using this technique to develop various advanced materials [24–26], such as membranes [27,28],
beads [29], particles [30,31], micro- and nano-gels [32,33] or thin films [34,35], to be utilized as separation
tools [36], catalysts [37] or sensors and biosensors [38] for metal recovery [39,40], drug delivery [41] and
ternary mixture separation [42]. In this context, some authors have already reported the use of MI for
developing TNT-MIPs using surface imprinting of silica nanoparticles [43] and nanotubes [44] or bulk
imprinting of films [16,27]. For instance, the MIP films prepared by Florea et al. [27] were prepared
using the wet phase-inversion method, but presented low adhesion to the substrate and detached
after several washing procedures, and the TNT-MIP coatings prepared by Gao et al. [43] and Xie et
al. [44] were prepared using two-step procedures starting from the surface pre-modification of silica
and alumina, respectively, with functional silane, followed by MIP grafting. In these MI approaches, as
well, the recognition mechanism of TNT relied on weak hydrogen bonds or π-π interactions between
mono-functional monomers and TNT.

In light of aforementioned studies, the present study brings to the audience a very practical
procedure to prepare thin TNT-MIP films, by direct spray deposition of a sol-gel precursor solution
on glass substrates. Another advantage of this newly presented method for films preparation
refers to the low energy consumption in terms of low temperatures for polycondensation (i.e., room
temperature) and for the curing/ aging of films (55 ◦C). Moreover, the present work proposes a new
monomer-template auto-assembly mechanism, in order to enhance the specificity of films prepared
by sol-gel derived techniques. This mechanism implies the formation of “double” Meisenheimer
polymerizable σX-complexes between TNT and bi-functional monomers, i.e., diamino-silanes, and it is
being reported herein for the first time. The TNT-MIP films obtained by polymerizing this “double”
Meisenheimer complex are further tested for specificity and response time in liquid and vapor state,
to demonstrate their potential application as biomimetic sensitive elements in sensors development.
The rationale for choosing chemical sensors [45] as a potential application is related to the fact that
chemical sensors are generally sensitive enough to detect small amounts of chemical vapors, due to their
ability to change their electrical characteristics, such as resistance or capacitance [46,47]. To prepare
the multilayered sensor, a particular type of transducer composed of quartz-chromium (Cr)-gold
(Au)-titanium oxide (TiO2) was employed, as it is proven to be the most efficient way to detect TNT
without additional signal amplifiers [26].
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2. Materials and Methods

2.1. Raw Materials

For the preparation of precursor solutions for films deposition, N- (2-aminoethyl)
-3-aminopropylmethyldimethoxysilane (commercial name 1141-D, 98%, Sigma-Aldrich, St. Louis, MI,
USA) and 2,4,6-trinitrotoluene (recrystallized from methanol, 99%, TNT, Military Technical Academy,
Bucharest, Romania) were used as functional monomer and template, respectively. Other materials
like ethanol (analytical grade, Chimopar, Bucharest, Romania), ammonium hydroxide (25% solution,
analytical grade, Chimopar), 1N hydrochloric acid (analytical grade, Chimopar) and distilled water were
used as solvents or catalysts. The interference compound in the selectivity trials was 1,3-dinitrobenzene
(DNB, 99%, Military Technical Academy). The quartz supports were purchased from Sigma-Aldrich.
The chromium and gold foils (99.99% trace metals, Sigma-Aldrich) used for sputtering and the
precursors for preparing the TiO2 layer (i.e., titanium tetrachloride (TiCl4, 99%, Merck, Kenilworth, NJ,
USA) and oxalic acid solution (C2H2O4, 5 wt.%, Merck)) were used as received. The synthesis and
tests, which implied the use of TNT, were carried out at the Military Technical Academy, Explosives
and Ammunition Lab in Bucharest, Romania.

2.2. Synthesis of Molecularly Imprinted Polymer (MIP) Films for TNT Recognition

The synthesis of MIP films referred to generating double Meisenheimer polymerizable complexes
by monomer-template auto-assembly of N-(2-aminoethyl)-3-aminopropyl methyl dimethoxysilane
(1141-D) and TNT. The auto-assembly mechanism of TNT with 1141-D was based on charge transfer
complexing interactions with the formation of particular σX-Meisenheimer complexes, corresponding
to the substituted aromatic ring of TNT (as depict in Figure 1). The formation mechanism of
σX-Meisenheimer complex, where x is the methyl group of the substituted aromatic nucleus (position
1) of TNT, was proposed by several authors for monofunctional-amines and nitroaromatics [1,2,6,7,48]
and adapted in this study for the formation of “double” σX-Meisenheimer complexes. Further on, the
double Meisenheimer complexes were polymerized using a sol-gel derived technique adapted from
Stoica et al. [49] to create MIP films.Coatings 2020, 10, x FOR PEER REVIEW 7 of 17 
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Figure 1. The auto-assembly mechanism based on a charge transfer complexing interaction between
TNT (1) and diamino-functional organosilane monomer 1141-D (2) in ethanol at 24 ◦C, with the
formation of single (3) and double (4) Meisenheimer σX-complexes.
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2.2.1. Study of Monomer-Template Auto-Assembly Via Double Meisenheimer Complexes

The first step in designing stabile polymerizable complexes was the study of monomer-template
auto-assembly, which consisted of 1141-D titration with TNT. In this respect, ethanol was used as
solvent for preparing the two solutions. The spectral-photometric titration involved the following
procedure: a solution of 1141-D (0.88 µM) was titrated gradually with a TNT stock solution (88 µM)
directly in the quartz cuvette of the spectrophotometer. In the first step, a portion of 4 µL from the
TNT stock solution was added over 2 mL of 1141-D solution (to obtain a starting TNT concentration of
0.18 µM) and the sample was shaken and left to rest for the complexation to take place. After five
min, the absorbance was measured and another portion of 4 µL from the TNT solution was applied.
The procedure was continued until equilibrium was established (absorbance plateau).

2.2.2. Films Preparation by Sol-Gel Derived Techniques

In order to obtain TNT-MIP films, two solutions were prepared separately, as follows: the
precursor solution containing the functional monomer (1141-D) and the template (TNT) in 1 mL of
ethanol, and the catalyst solution containing 0.565 mL ammonia hydroxide and 0.225 mL of water.
The two solutions were mixed and maintained at room temperature (24 ◦C) under continuous stirring
(at 200 rpm) for 2 h (sol-gel time, tsg), while hydrolysis of the -OR groups of 1141-D occurred, with
the formation of sols. The resulting solution was applied by spraying directly onto degreased glass
slides to form crosslinked networks by alcohol/aldol polycondensation. The degreasing of glass slides
was necessary to remove greasy substances, which may reduce the surface contact of films with the
support and implicitly cause loss of adherence. Degreasing was performed by extensive washing of
the glass slides with alkaline solution (3 × 10 mL of 1 N NaOH solution per glass slide). The final films
were obtained after a two-step maturation procedure considering a temperature treatment at 24 ◦C
for 48 h, followed by a temperature treatment at 55 ◦C for 48 h. Afterward, the films were washed
with ethanol (1 × 20 mL) for 4 h at 24 ◦C, assisted by ultrasonication for removing reaction residues.
Using the same synthesis methodology, but without the addition of TNT, non-imprinted films (NIPs)
were also prepared, to be used as a reference in highlighting the imprinting effect.

It is important to note that the specificity and binding capacity of MIP films depend upon the
efficiency of the template removal process, as leaching may affect the measured values for the two
parameters. Yet, it was found that TNT remains blocked in the films with over 4–5 µm thickness, even
after 5 washing cycles and the films thinner than 100 nm can detach easily from the glass slides after
washing. Therefore, the performance of films was studied at the thickness limits, where both the
removal of template and adhesion to the glass slides were practically achievable. In this respect, the
sol-gel deposition method allowed us to manipulate the thickness of films by dilution of the precursor
solution and, hence, two film thicknesses were targeted as follows: 2 µm (identified with the notation
C) and 200 nm (identified with the notation D). The recipes for the precursor solutions used to obtain
TNT-MIP and NIP films with various thicknesses are given in Table 1. The appearance of both (D) and
(C) films (noted TNT-MIP (D) and TNT-MIP (C), respectively) was orange-brown, due to the formation
of π-π complexes [1,2,6,7,48] between TNT and 1141-D, while the control samples [noted NIP (D) and
NIP (C), respectively] were transparent (also see Figure S1).

Table 1. Recipes for 2,4,6-trinitrotoluene-molecularly imprinted polymer (TNT-MIP) and non-imprinted
polymer (NIP) film pairs.

Polymer Film 1141-D (mmoles) TNT (mmoles) 1141-D:TNT (M/M)

TNT-MIP (C) 0.726 0.073 10:1
NIP (C) 0.726 0 0

TNT-MIP (D) 0.363 0.036 10:1
NIP (D) 0.363 0 0
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Further on, the TNT was extracted from the TNT-MIP films with a hydrochloric acid solution
1 N (1 × 40 mL), for 48 h at 24 ◦C. The extraction of TNT with a hydrochloric acid solution was by far
the best method to disrupt the π-π interactions in the double Meisenheimer complex, after several
unsuccessful trials of using ethanol, acetonitrile or acetic acid solvent mixtures. The extracted films
were ultimately dried to a constant weight at 80 ◦C (approximately 48 h). The films were prepared in
several batches. For each batch of films, 20 glass slides were used. The compatibility of films with the
glass substrates was quite high. The thin films detached from the glass after 2 days and the thick films
after 4 days of being submerged in the 1 N hydrochloric acid solution.

2.3. Preparation of Quartz-Cr-Au-TiO2-MIP Sensors

The quartz-Cr-Au-TiO2 supports were prepared by combining the know-how from two different
patents [26,28]. First of all, the quartz support was cleaned with isopropyl alcohol (IPA) and deionizer
water and dried in nitrogen flow. Afterwards, a thin chromium (Cr) film was deposited on the quartz
support to obtain a better adherence for the following gold (Au) layer; otherwise, the hydrothermal
conditions would affect or destroy the integrity of the Au layer. In this respect, the Cr film was
deposited through the sputtering technique, using an Emitech K975X device (Emitech, Dubai, UAE)
with 1.91 × 10−3 vacuum and 0.1 nm·s−1 deposition rates, and sintered at 600 ◦C for 60 min in nitrogen
atmosphere. The following Au layer, with approximately 10–20 nm thickness, was deposited on the Cr
layer using the same sputtering technique (1.91 × 10−3 vacuum and 0.14 nm·s−1 deposition rates) and
sintered at 600 ◦C for 60 min in nitrogen atmosphere.

The TiO2 films were obtained and deposited over the quartz-Cr-Au substrate in situ, using a
similar hydrothermal method described by Lazau et al. [27,28], that uses titania tetrachloride (TiCl4)
and oxalic acid (C2H2O4) as precursors. The protocol considered using 3 mL of TiCl4, as Ti precursor,
added dropwise into 41 mL of C2H2O4 solution (5 wt.%), followed by stirring (200 rpm) in ambient
condition for 60 min. The obtained stable gel was introduced into a Teflon autoclave (fullness degree
about 80%), together with the quartz-Cr-Au substrate, previously washed with ethanol, deionised
water and acetone, which was suspended with a clamping system (Figure S2). In order to optimize the
stability of TiO2 films, the hydrothermal synthesis was performed either at 150 ◦C or 200 ◦C, in an
electric oven. After 10 h, the autoclave was cooled naturally to room temperature and the samples
were rinsed extensively with deionised water and dried in an oven at 60 ◦C for 2 h. Further on, the
stability of the TiO2 film deposited on the quartz-Cr-Au substrate was verified through adherence tests
in the ultrasonic bath (revealing that both types of films were adherent for 60 min after immersion in
deionized water at 24 ◦C).

In the next step, only TNT-MIP (D) films were deposited on the quartz-Cr-Au-TiO2 supports.
In this respect, the preparation method of TNT-MIP (D) films was provided in Section 2.2. Finally,
the electrical connections for the quartz-Cr-Au-TiO2-MIP sensor with the electronic mask (EM) were
made using silver paste and the whole assembly was protected with an epoxy resin layer (Figure S3).
The overall assembly was built to work as a multi-plate capacitor [47].

2.4. Employed Characterisation Methods

The films deposited on glass slides were analyzed using a spectral-elliposometric method.
The measurements were performed with a UV-VIS-NIR Ellipsometer VASE® (J.A. Woollam Co,
Inc., Lincoln, NE, USA) in the 190–1000 nm wavelength range at 70o AOI with a 10 nm step and 20
scans/measurement (microspot). To avoid the effect of ‘backside reflection’, a translucent scotch tape was
mounted on the back of the glass substrate. The monomer-template assembly experiments (Section 2.2.1)
and TNT batch re-binding experiments (Section 2.5) were performed using the UV-2501-PC spectrometer
(Shimadzu Co., Tokyo, Japan) in the 200–1000 nm wavelength range, with a 10 mm quartz cuvette.

For evaluating the topography of films, atomic force microscopy measurements were made
using the XE-100 microscope from Park Systems (Tokyo, Japan), in true non-contact TM mode, as
recommended for soft samples. The scanner of the XE100 apparatus was equipped with flexure-guided,
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cross talk eliminated scanners, thus allowing the imaging of very small objects at the nanometre scale.
All AFM images were recorded with sharp tips (<8 nm tip apex), NCHR type from Nanosensors TM,
of approximately 125 mm length, 30 mm width, spring constant 42 N·m−1, and 330 kHz resonance
frequency. The AFM images were processed with the XEI program (v 1.8.0-Park Systems) for displaying
purposes and roughness evaluation.

The crystallinity of TiO2 thin films synthesized at different temperatures (150 ◦C/200 ◦C) was
measured by X-ray diffraction (XRD) using PANalytical X’PertPRO MPD Diffractometer (PANalytical,
Eindhoven, The Netherlands) with a copper tube. The surface morphologies of TiO2 films and of
the MIP films (deposited on glass slides and on the quartz-Cr-Au support) were investigated by
scanning electron microscopy (SEM) with an Inspect S PANalytical apparatus (PANalytical, Almelo,
The Netherlands) equipped with an energy dispersive X-ray analysis (EDX) detector, allowing the
simultaneous elemental analysis of the TiO2 films.

2.5. Protocols in Batch Rebinding Experiments of TNT

The rebinding tests consisted of contacting the films with 35 mL of feed solution containing
TNT (experiments conducted in batch, at room temperature 24 ◦C) and measuring the initial and the
final concentration of TNT. The concentration of TNT from the supernatants was quantified using a
calibration equation A = f (C) (A = 17.717 + 0.0513 CTNT, r2 = 0.9978), where A represents the absorbance
(arbitrary units) at 273 nm of the sample CTNT (g·L−1). Calibration of TNT was performed in ethanol in
the 0.2–0.002 g·L−1 concentration range.

Using various concentrations of TNT in ethanol (i.e., 0.20, 0.02 and 0.002 g·L−1), the adsorbed
amount of TNT was measured after a period of 8 h. Herein, the concentration limits chosen for
the study, meaning 0.002 and 0.2 g·L−1, represented the lowest quantity of TNT that can be visually
detected by complexation and the highest quantity of TNT that can be detected by UV without further
dilution, respectively. TNT rebinding measurements with various TNT concentrations were repeated
2 times, using different MIP/NIP films. Afterward, the rebinding of TNT was studied in the first
120 min after contact with a TNT solution in ethanol of 0.02 g·L−1. This complementary study revealed
the rebinding capacity and the specificity of adsorption at various moments of time for the more
performant (D) films.

Rebinding capacities, Q (mg TNT · g−1 polymer film), of TNT-MIP and NIP films were calculated
using the following equation: Q = (CN,i−CN,f)VS/mP, {where CN,i (g·L−1) and CN,f (g·L−1) are the initial
and final concentration of TNT in the feed solution; mp (mg) the films weight (meaning 50 ± 1.1 mg for
the thick films (C) and 10 ± 0.4 mg for the thin films (D)); and, VS (L) is the volume of the feed solution
(i.e., 35 mL). Imprinting factors, F, expressed by the relation QMIP/QNIP (where QMIP and QNIP are the
rebinding capacities of TNT-MIP and NIP, respectively) were calculated in the attempt to quantify the
specificity of MIP films for TNT, compared to their corresponding control films, NIPs.

2.6. Testing Platform for EM-Quartz-Cr-Au-TiO2-MIP Sensors

The testing platform for detecting dangerous agents was developed by specialists from the Military
Technical Academy, Explosives and Ammunition Lab. The Explosives Detection Test Platform (EDTP)
contained three air modules/ trails as follows: a first module that allowed a flow of air with certain
humidity and temperature saturated with TNT, a second module generating adjustable flow rates of
pure air with a certain humidity and temperature and a third module that allowed the introduction
of known interfering concentrations. The performance of EM-quartz-Cr-Au-TiO2-MIP sensors was
registered using an Agilent Technologies E4982A RLC Bridge, with a response time of 0.9 ms and a
minimum accuracy of ±0.85%. All the measurements were performed at an ambient temperature of
26 ◦C. Humidity ranged from a maximum of 5% (pure dry air) to 31% and the test frequency was kept
constant at 1 MHz. In order to determine the specificity of sensor elements, TNT detection tests were
also performed in the presence of dinitrobenzene (DNB).
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3. Results and Discussion

3.1. Double Meisenheimer Complex Formation

According to Figure 1, it was assumed that the final Meisenheimer complex obtained in ethanol
was formed from 2 moles of TNT and 1 mole of 1141-D due to the two amino complexation centres of
the monomer. This complexation mechanism was confirmed by the spectral-photometric titration of
1141-D with TNT in the UV-visible range (Figure 2a). After the first portion of TNT, an absorbance
increase was observed at 508 nm (assuming to be the specific wavelength of this double complex, as the
reported wavelength for single Meisenheimer complexes is around 530 nm, [7]) and kept rising until
equilibrium was reached (as presented in Figure 2b). The molar relationship between the template
and the functional monomer was determined using the “mole ratio method”, where the XTNT/1141D

is the molar ratio between TNT and 1141-D. The point of intersection of the two linear variations in
the graph represented the molar ratio of TNT and 1141-D in the complex. The resulted molar ratio
of 1.74 suggested the formation of a double complex in the form of 1.53: 0.88 = TNT: 1141-D (M/M),
similar to the one proposed in Figure 1. Unlike the colorimetric complexation of TNT based on the
single Meisenheimer complex formation [7], the method for TNT complexation using 1141-D was more
sensible, as the formed double Meisenheimer complex was visible (pale pink colour) with the naked
eye at very low TNT concentration (~0.18 µM).
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Figure 2. Monomer-Template Assembly in ethanol at 24 ◦C: (a) Spectral-photometric titration of
1141-D with TNT with the formation of double Meisenheimer complexes at 508 nm (inset); (b) Double
Meisenheimer complex formation at 508 nm wavelength in the form of 1.53:0.88 = TNT:1141-D (M/M),
as function of the molar ratio between TNT and 1141-D (XTNT/1141D).

3.2. Spectroscopy Results for the Films Deposited on Glass Slides

The measurement of refractive index, n, for MIPs (before TNT extraction) and NIPs represented
a very good method for highlighting the imprinting effect [50]. Transmittance profiles were also
proof of the auto-assembly mechanism of 1141-D monomer and TNT, which suggested that double
Meisenheimer assemblies were formed and cured by polycondensation/cross-linking in the organosilica
network. The refractive index variation and the transmittance profiles of TNT-MIP (D) and (C) films
before TNT extraction, evaluated in the 200–1000 nm wavelength range against their corresponding
NIPs, are given in Figure 3a,b respectively. For fitting the experimental ellipsometry data, the Cauchy
Model for the transparent area was used [51]. This method allowed for simultaneous evaluation of the
films’ thicknesses. The thickness difference (as given in Table 2) for both the thin (D) and the thick
(C) film pairs was high, due to the different growth mechanism of the organosilica matrix upon TNT
addition. Yet, the roughness of the samples and the values of the mean square error (MSE) were small,
which indicated a good fitting of experimental data.
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Table 2. Films thickness (d layer), roughness and mean square error (MSE) determined by ellipsometry.

Film d layer (nm) Roughness (nm) MSE

NIP (C) 77.32 0.00 0.52
NIP (D) 24.24 2.45 0.31

TNT-MIP (C) 2174.19 0.03 0.98
TNT-MIP (D) 231.57 0.77 1.24

When evaluating the transmittance profiles, pronounced modifications for both (D) and (C)
TNT-MIP films were registered, particularly in the 300−550 nm wavelength regions. The observed
differences were due to the presence of the double Meisenheimer complex in the films structure
(determined around 508 nm, according to complexation experiments). At the same time, the refractive
index presented important changes due to the extended π-π conjugation introduced by TNT [48], but
also due to the film thickness (as compared to the control NIP films). It can also be noted that the
maximum values of n, for the (C) and (D) TNT-MIP films, also shifted towards higher wavelengths
(towards the red zone) compared to the control samples, as the resonant wavelength changed with
the presence and the concentration of the double Meisenheimer complex. Nevertheless, both (D) and
(C) TNT-MIP films presented similar trends of transmittance and refractive index, indicating that the
auto-assembly mechanism that generated double Meisenheimer complexes was reproducible, even at
lower concentrations of the precursor solutions and, implicitly, for lower film thicknesses.

3.3. Batch Rebinding Studies for Films Deposited on Glass Slides

The most common and simplest way to highlight the effect of imprinting for the TNT-MIP films
referred to batch rebind studies of TNT from liquid samples. Hence, the specificity for TNT was
evaluated by determining the rebinding capacities, Q (mg·g−1) and imprinting factors, F of films
(Figure 4). In this respect, the quantification of bonded TNT was performed indirectly, by measuring
the un-bonded TNT from the supernatants at 273 nm (specific wavelength for TNT absorbance).
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Figure 4. Rebinding of TNT in batch adsorption measurement: (a,c) Variation of re-binding capacities, Q,
after 8 h of contact with various TNT feed solutions, Ci (0.002–0.20 g·L−1); (b,d) Variation of imprinting
factors, F after 8 h of contact with various TNT feed solutions, Ci (0.002–0.20 g·L−1); (e) Variation of
re-binding capacities, Q, for TNT-MIP/NIP (D) films, over time (5–120 min) after contact with a TNT
feed solution, Ci, of 0.02 g·L−1 and (f) Variation of imprinting factors, F, for TNT-MIP/NIP (D) films
over time (5–120 min) from a TNT feed solution, Ci, of 0.02 g·L−1.

When the concentration of TNT feed solution (Ci) was varied between 0.002–0.20 g TNT·L−1, the
binding capacities (Figure 4a,c) indicated that thinner films were more efficient for rebinding TNT. As a
result, the Q values for the NIP/TNT-MIP (D) films were above the ones registered for the thick films
(C). In agreement with the binding capacity, the imprinting factors, F, were also slightly higher for the
TNT-MIP (D) films over this concentration range (the highest F value 1.53, being registered at 0.02 g
TNT·L−1, Figure 4d). Nevertheless, all the F values were above 1.0, suggesting that rebinding was
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specific for the studied TNT concentration domain. Hence, it can be stated that the imprinting effect
was clearly highlighted through these preliminary batch rebinding experiments and that TNT-MIP (D)
films were more efficient for TNT recognition and retention. Thereby, only the NIP/TNT-MIP (D) film
pairs were further investigated. In this respect, Figure 4e shows the variation of binding capacity over
time, after contact with the NIP/TNT-MIP (D) films, and indicates that the binding equilibrium was
attained after 90 min. Here, as well, the binding capacity profile over time for the TNT-MIP (D) film
compared to the control NIP film suggested a clear effect of imprinting. Convenient for the application,
the most specific rebinding (according to the calculated imprinting factor, F, in Figure 4f) was recorded
in the first five min, after which, the specificity decreased with the time of contact from 1.90 (at 5 min)
to 1.2 (at 120 min).

It is also worth mentioning that after 120 min of contact with the TNT solution, both TNT-MIP
(D) and NIP (D) films were orange-colored, due to Meisenheimer complexes forming at the interface
(according to Figure S4). This shift of color from pink to orange was probably due to the fact that
rebinding of TNT was made in the solid phase. Plus, a visual difference was noticed between the
imprinted and the non-imprinted films; the TNT-MIP films seem to present some intense colored dots
on the surface, which may be associated with the specific binding sites.

3.4. Microscopy of Films Deposited on Glass Slides

The batch adsorption measurements indicated that TNT was bonded more specifically and in
higher extents by the TNT-MIP (D) films and one explanation to this behavior can be related to the
morphology of films. The microscopy of films highlighted the effect of imprinting, which, in this
fortunate case, improved the films forming properties and also prevented the appearance of intrinsic
cracks. The 3D and 2D scans (Figure 5) of TNT-MIP (D) and TNT-MIP (C) films, recorded by atomic
force microscopy, revealed more discrete surface arrangements for (D) films. Hence, this particular
morphology of (D) films translates into a higher contact area with the TNT feed solution (providing
access toward the imprinted sites [52]); and thus, more TNT molecules can be absorbed specifically.
The topography scans of MIP and NIP films are also consistent with the thickness, as evaluated by
ellipsometry. The steric hindrance brought by the formation of the Meisenheimer complexes led to a
different growth mechanism of the silica network, for MIP films, which would explain the difference of
thickness between the MIPs and NIPs.
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Figure 5. Topography by atomic force microscopy (AFM) of TNT-MIP (C)/ (D) films after TNT extraction,
compared to control NIPs (scan size = (2 × 2) µm2): (a) 3D and (b) 2D scans.

In agreement with the topographic measurements, the scanning electron microscopy (Figure 6)
highlighted more discrete and homogenous morphology for TNT-MIP (D) films, compared to that of
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(C) films. The surface of both NIPs, (C) and (D) is crossed by a multitude of crevices, which, in terms of
sensors applications, means discontinuities in the signal transformation and transfer. The probable
cause for their appearance was due to shrinkage during polycondensation/cross-linking and maturation.
This shrinkage effect is frequently met during polymerization, as the distance between monomer
molecules is gradually shortening due to their addition to the main polymer backbone. In this context,
the effect was noticeable for the thick films (C) because the shrinkage occurred in bulk. Nevertheless,
the thinner films (D) presented only discrete cracks (NIP (D)) or no cracks at all (TNT-MIP (D) films),
as the shrinkage occurred rather lengthwise in this case (Figure 6).
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Figure 6. Morphology by scanning electron microscopy (SEM) of TNT-MIP (C)/ (D) films after TNT
extraction, compared to control NIPs, at three different magnitude levels (i.e., 50, 30 and 10 µm scale).

3.5. Characterization of Quartz-Cr-Au-TiO2-MIP Sensors

The quartz-Cr-Au-TiO2-MIP assemblies were prepared in the sequence described in Section 2.3
and characterized using X-ray diffraction and scanning electron microscopy. SEM images of the Au
layer and of TiO2 layers deposited at different temperatures on the quartz-Cr-Au support are shown in
Figure 7a–c. The both types of fabricated films were found to have a grain-like structure. Compared
to the surface of Au (Figure 7a), it was obvious that the layer of TiO2 prepared at 200 ◦C covered
completely the quartz-Cr-Au support. EDX spectra (Figure 7d–f) indicated the purity degree of the
prepared film stack, where only the specific elements used for the preparation of the multilayered
support were present, as follows: Si, Au and O for quartz-Cr-Au assembly and Si, Au, O, Ti and O for
the quartz-Cr-Au-TiO2 assembly. Notably, the fact that the films deposited at 150 ◦C presented lower
amounts of Ti and O (Figure 7e), which may suggest thinner layers or, as confirmed by SEM, discrete
areas where the deposition was incomplete [53].
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Figure 7. SEM morphologies at 5 µm scale together with the corresponding energy dispersive X-ray
(EDX) spectra for: (a,d) quartz-Cr-Au support, (b,e) quartz-Cr-Au-TiO2 assembly at 150 ◦C and (c,f)
quartz-Cr-Au-TiO2 assembly at 200 ◦C.

Further on, the diffraction spectra of the two quartz-Cr-Au-TiO2 assemblies indicated that
the hydrothermal treatment performed for the TiO2 preparation did not affect the integrity of the
quartz-Cr-Au support (Figure 8a). This was concluded from the presence of Au peaks observed in
the XRD patterns of both types of assemblies. The spectrum of quartz-Cr-Au support (Figure 8, inset)
revealed the presence of Au according to the diffraction peaks located at 2θ = 38.18◦, 44.62◦, 64.73◦

and 77.93◦, which correspond to the crystal plane (111) (200), (220) and (311), respectively [54,55].
The crystalline film sintered at 150 ◦C exhibited a single crystallization structure that corresponded
to the anatase phase and was identified by the diffraction peaks located at 2θ = 25.36◦; 48.15◦; 54,05◦

and 55.20◦ (crystal plane (101), (200), (105), (211), respectively). On the other hand, the spectrum
of TiO2 film synthesized at higher temperatures 200 ◦C revealed the presence of anatase, rutile and
brookite phase [56]. Rutile phase was identified by the diffraction peaks located at 2θ = 27.28◦; 36.10◦;
41.18◦; 54.28◦; 62.90◦; 68.89◦ and 69.91◦ (crystal plane (110), (100), (111), (211), (002), (301) and (112),
respectively) and the weak peak appearing at 2θ = 30.82◦ (121) corresponded to the brookite phase.
Although the anatase crystalline phase has the highest electrical conductivity, as it can promote free
electrons in the conduction band in the presence of oxygen vacancies [57], a compromise has been
made in order to have better control of the particles growth direction and homogenous deposition
of the TiO2 film (observed at higher temperatures). Thereby, the TiO2 structure obtained at 200 ◦C
with an interchange of anatase, rutile and brookite crystalline phases was preferred to prepare the final
sensor assemblies.
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Figure 8. Characteristics of the quartz-Cr-Au-TiO2-MIP assemblies: (a) XRD patterns of
quartz-Cr-Au-TiO2 support, synthesized at 150 and 200 ◦C, compared to the patterns of quartz-Cr-Au
support alone (inset); (b) Morphology of MIP film deposited on the quartz-Cr-Au-TiO2, after TNT
extraction, by scanning electron microscopy (SEM), at 50, 30 and 10 µm scale, respectively.

Giving the results obtained in batch TNT rebinding experiments, only the TNT-MIP (D) films
were used for developing the capacitive sensors, noted quartz-Cr-Au-TiO2-MIP, and dedicated to the
specific measurement of TNT in the vapor state. The micrographs of the MIP film deposited on the
quartz-Cr-Au-TiO2 (Figure 8b) showed clear changes of morphology compared to the TiO2 layer in
Figure 7c. Plus, the overall morphology of the MIP film deposited on the quartz-Cr-Au-TiO2 support
is more or less consistent with that observed on the glass slide (TNT-MIP (D) film at 50 µm scale,
Figure 6), considering that deposition was performed on different substrates.

3.6. TNT Detection in Vapour State Using EM-Quartz-Cr-Au-TiO2-MIP Sensors

The designed capacitive chemical sensors detect conductivity changes of the MIP sensitive
film resulted from the interaction with TNT vapors. Ideal capacitors have no characteristics
other than capacitance. However, real capacitors present resistance because of small defects.
Hence, using the testing platform described in Section 2.6., identical capacitive sensors, noted
EM-quartz-Cr-Au-TiO2-MIP, were evaluated for resistance (R), capacitance (C), phase angle (PA,
angle between the voltage and current), impedance (I) and, of course, for the reproducibility at
different humidity contents of the gas flow and in the presence of either TNT alone (concentration of
0.2 mg·L−1) or a mixture of TNT and DNB (0.2/0.2 (mg·L−1/mg·L−1)). The results of the measurements
are synthesized in Table 3. The response time of all sensors was less than or equal to 25 s, which states
a recommendation for the use of EM-quartz-Cr-Au-TiO2-MIP sensors in threatening situations when
fast detection of TNT is required. Furthermore, the variance of capacitance from 5% to 31% humidity
was small (around 5.6 pF), and, hence, the sensors may be used beyond isolated environments, with
high humidity.
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Table 3. Electrical characteristics (R (Ω), C (pF), PA (deg.), I (Ω), and Rt (s)) of
EM-quartz-Cr-Au-TiO2-MIP sensors in various conditions (humidity, H (%), and TNT/DNB ration, r
(mg·L−1/mg·L−1)).

N 1 R C PA I Rt r H

1 192.2 163.3 −78.90 −974.5 21.5 0/0 5
2 198.5 166.9 −78.24 953.4 24.0 0/0 31
3 234.0 329.8 −64.14 −482.6 23.5 2/0 5
4 234.0 329.8 −64.14 −482.6 25.0 2/2 5

1 The raw data for each test set (1 to 4) using identical sensors are given in Figures S5–S8, respectively.

According to Table 3, important variations in the sensors’ capacitance (and impedance) were
observed in the presence of the TNT contaminant, from 163 pF to 329 pF. Considering the fact that all the
measurements were performed using concentrated fluxes of TNT vapors, the capacitance variations are
appropriate (about 166 pF). For low concentrations of substance (up to ppm), other capacitance sensors
were found to give slight changes of capacitance of around 0.15 pF [58]. Typical capacitance values of
capacitors can range from about 1 pF (10−12 F) to 1 µF (10−3 F) [59]. Therefore, the obtained values for
capacitance in this study indicated that the combination of the new auto-assembly mechanism with
the multi-plate capacitor approach [47] has led to a direct measurement of the out-put signal, without
labelling or additional signal amplifiers.

Another important fact referred to the specificity of sensors. The records of TNT retention against
DNB showed no change in the sensors’ response compared to TNT alone, meaning that the prepared
EM-quartz-Cr-Au-TiO2-MIP sensors were specific for TNT. Moreover, during exposure to TNT or DNB
vapors, the sensors exhibited stable values for all the measured electrical parameters for over 10 min,
which indicated a very good adhesion of the MIP-film to the support. A detachment of the MIP-film
from the support would have led to a sharp decrease of capacitance [58].

4. Conclusions

To the best of our knowledge, this is the first report depicting the preparation of double
Meisenheimer polymerizable complexes for developing TNT-MIP films, which can serve as biomimetic
elements for sensors’ development. The study provided important insights towards the new
auto-assembly mechanism of TNT and diamino-silanes. In this respect, polymerizable double
Meisenheimer complexes in the form of 1.53:0.88 = TNT:1141-D (M/M) were generated and used to
obtain two sets of molecularly imprinted films, of nearly 200 nm and of approximately 2 µm, specific
for TNT retention. Spectroscopy measurements revealed important optical changes for TNT-MIP
films compared to their control films, which stood as prove for the Meisenheimer complex formation,
regardless of the film thickness. The TNT re-binding experiments in liquid state helped evaluating the
specificity of films at different feed concentrations of TNT. The results have shown that thinner films
were more likely to retain TNT molecules and the most specific binding of TNT (F = 1.90) was registered
in the first five min of contact, with a stock solution of 0.02 g·L−1. Microscopy was a very helpful
technique to elucidate the topography and morphology of films, which explained the preferential
retention of TNT molecules on thinner MIP films. For determining the extent to which the prepared
MIP films can be used for building actual sensors for TNT detection, the MIP thin films were deposited
on a multilayer sensor support composed of quartz-Cr-Au-TiO2 and integrated into an electronic mask
(EM). The multilayer sensor support was prepared according to the know-how of co-authors, using
the sputtering technique to attach the chromium and gold thin layers on quartz slides and the in situ
hydrothermal method to cast the TiO2 films on the formerly prepared quartz-Cr-Au support. Finally,
the performance evaluation of EM-quartz-Cr-Au-TiO2-MIP capacitive sensors indicated that they
exhibited short response times (less than 25 s), low sensitivity to humidity and high specificity for TNT
(versus DNB).
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5. Patents

The patents released from this work refer to “Trinitrotoluene molecularly imprinted films by sol-gel
method and process for their obtaining” (Patent Application OSIM A00144, 2016) and “Process for
obtaining titanium dioxide films deposited on noble metal substrates, using the classical hydrothermal
method” Patent RO132256, 2019.
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TNT solution 0.02 g L−1; Figure S5: Experimental data (RLC) for sensors tests in vapour state- Test Set No1; Figure
S6: Experimental data (RLC) for sensors tests in vapour state- Test Set No2; Figure S7: Experimental data (RLC)
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Test Set No4.
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