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A B S T R A C T   

In the quest of recognizing hazardous nitro-aromatic compounds in water, two pyridine- 
functionalized Schiff-base chemosensors, DMP ((E)-N-(3,4-dimethoxybenzylidene)(pyridin-2-yl) 
methanamine)) and MP (4-((E)-((pyridin-2-yl)methylimino)methyl)-2-ethoxyphenol) have been 
synthesized to detect mutagenic 2,4,6-Trinitrophenol (TNP) in soil, water as well as cellular 
matrices by producing turn-off emission responses as a combined consequence of PET and RET 
processes. Several experimental analyses including ESI-MS, FT-IR, photoluminescence, 1H NMR 
titration, and the theoretical calculations ascertained the formation and sensing efficacies of the 
chemosensors. The analytical substantiations revealed that structural variation of the chemo-
sensors played a significant role in improving the sensing efficiency, which would certainly be 
worthwhile in developing small molecular TNP sensors. The present work depicted that the 
electron density within the MP framework was more than that of DMP due to the intentional 
incorporation of –OEt and –OH groups. As a result, MP represented a strong interaction mode 
towards the electron-deficient TNP with a detection limit of 39 μM.   

1. Introduction 

The continual escalation of worldwide terrorist activities draws the attention of the scientific community toward the exploration of 
inexpensive, innovative, and competent chemosensors for on-field instantaneous recognition of explosives [1–4]. Nitro aromatic 
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explosives (NAEs) are the substances possessing nitro-functionalized benzene moiety, which are extensively used to prepare fireworks 
and matches, in forensic inquiries, and in the military and aviation industries, therefore can be easily accumulated in the natural water 
resources and other environmental matrices at the time of their usage, storage, testing, and dumping [5,6]. The growing intimidations 
regarding NAEs to the environment, including humans, and animals, have outstretched global concerns towards their prompt 
recognition, even in trace levels. Reportedly, the continued accumulation of NAEs may cause hemoglobin oxidation (methemoglobin) 
including anemia, and numerous adverse impacts on the liver and bladder [7,8]. 2,4,6-Trinitrophenol (TNP or picric acid), 2,4,6-tri-
nitromethylbenzene (TNT), as well as 2,4-dinitrotoluene (DNT), are some common industrial NAEs which are ubiquitously present in 
explosive devices, including mine fillings, grenades, and bombs [2–5]. TNP, comprising strong electron-withdrawing groups, is the 
strongest organic acid and is found in fireworks, rocket fuel, the dye industry, chemical laboratories, pharmaceuticals, etc. [1,9]. After 
metabolization, TNP produces exceedingly harmful picramic acid byproduct, while its good water solubility (0.254 g/100 ml) made it 
a potent water and soil contaminant [10–12]. On account of its more explosive properties compared to TNT and analogous NAEs, the 
Environmental Protection Agency identified TNP as a potent cancer-causing agent and warned regarding its detrimental health im-
pacts upon disproportionate ingestion [6,7,9,11,13]. Therefore, the acceptable concentration of TNP in potable water is 0.5 mg/L and 
the allowable daily intake (ADI) is 1–37 μg/kg, above which it may produce anemia, cancer, skin irritation, liver dysfunction, and 
respiratory organ impairment [9]. Nevertheless, despite its more fatal impacts than TNT, less consideration has been paid to recog-
nizing TNP in comparison with TNT [8]. Moreover, selective, sensitive, and instant detection of TNP even in presence of TNT like other 
NAEs is relatively challenging due to their intrinsically comparable high electron affinity [5,8]. Therefore, the exploration of selective, 
fast-responsive, portable, and sensitive techniques for recognizing TNP is significantly important in the current scenario [8]. The 
hitherto explored versatile instrumental ultramicroscopic level TNP recognition practices; including Raman spectroscopy, X-ray 
scanning microscopy, atomic absorption and fluorescence spectrometry (AAS and AFS), inductively coupled surface enhanced reso-
nance Raman spectroscopy (SERS), gas chromatography coupled with mass spectrometry (GC-MS), plasma mass spectrometry 
(ICPMS), ion mobility spectrometry (IMS), ion selective electrode (ISE), etc.; possess high cost, complicated sample preparation, 
lengthy response time, lack of transportability and larger sizes, limiting the on-spot analyte detection aptitude [14–17]. Therefore, 
reconnoitering multifunctional highly sensitive sensory probes for recognizing TNP is immensely urgent [16], while the fluorescence 
detection approach is specifically viable because of their several advantages, including, high sensitivity, real-time prompt responses, 
simplicity, and compactness [8,18–21]. 

Choosing an apposite chemosensor is essential to achieve the effectual recognition of the specific analyte [22]. Hence, numerous 
new fluorescent sensors have been explored for identifying TNP, for example, water-soluble Si nanoparticles, MoS2 quantum dots, 
pyrenyl probes, Tb-functionalized carbon dots, MOFs, etc. Nonetheless, intricate operation, complex synthesis route, and high toxicity 
restricted their practical applications in the realm of aqueous phase TNP recognition [23]. Simultaneously, other fluorescent probes, 
like microporous metamemeworks (MOFs), dual-emission quantum dot hybrids, fluorescent film sensors, and conjugated polymers 
(CPs) are less viable owing to aggregation-caused quenching (ACQ), where the fluorescence intensity diminishes in presence of higher 
extent of luminophores [24,25]. As a consequence, the design and synthesis of luminescent small organic sensors can be a cutting-edge 
choice for developing more advantageous proficient chemosensors [25–28]. In this aspect, Schiff-base chemosensors, can be a po-
tential contender for recognizing TNP due to their ease of synthesis, simplicity, high yield, stability, and tunability [29,30]. The 
Schiff-base sensors are well-explored for recognizing various target-specific analytes, however, recognizing TNP by Schiff-base sensory 
probes are still less explored in the literature [31,32]. 

In this background, two inventive pyridine-functionalized Schiff-base chemosensors DMP (E-N-(3,4-dimethoxybenzylidene)(pyr-
idin-2-yl)methanamine) and MP (4-((E)-((pyridin-2-yl)methylimino)methyl)-2-ethoxyphenol) have been introduced herein with an 
eye of low-level recognition of TNP in the aqueous medium. Both the chemosensors represented high quenching efficiencies towards 
TNP in the pool of various other NAEs. Usually, the electron-deficient TNP molecule has the propensity to interact with the electron- 
rich molecule. Therefore, structural suitability is the fundamental approach to designing a superior chemosensor. In the case of MP, the 
predominating + R effect of –OH and lesser –I effect of the -OEt group enhanced the electron density within the framework. As a result, 
MP represented more recognition aptitude towards electron-deficient TNP by facilitating the electron transfer from the sensor toward 
the analyte framework. The formation of the chemosensors and the recognition events have been well substantiated by several so-
phisticated analytical tools and theoretical calculations. Moreover, both the chemosensors were also found to be effective for 
recognizing TNP in various water specimens as well as soil samples, emboldening their applications in the realm of on-field detection of 
TNP. Additionally, the non-toxic chemosensors were also found to be highly efficient for recognizing TNP in A549 Human Lungs 
Carcinoma Cells, enhancing their applications in the realm of biosensing [33,34]. Precisely, both the TNP selective chemosensors 
depicted enhanced improvements in compared to several recently explored sensory probes, in terms of aqueous phase detection at a 
very low concentration, and selectivity, as well as real-world applications including intracellular recognition. 

2. Experimental 

2.1. Materials 

All the preparative chemicals, NAEs, and solvents have been procured from Alfa Aesar and Sigma Aldrich (Merck). The materials 
have been used as received. 
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2.2. Instrumentation 

ESI-MS and FT-IR spectra were logged on Advion make compact mass spectrometer (serial no. 3013–0140) and PerkinElmer FT-IR 
Spectrum 100 spectrophotometer. UV–Vis and fluorescence spectroscopic studies were accomplished in Varian Cary-60 and Perki-
nElmer LS45 spectrophotometer respectively. The 1H NMR spectra were recorded in Bruker-made NMR spectrometer. The in vitro 
studies were executed in a Zeiss observer Z1 microscope. 

2.3. Preparation of DMP and MP 

Both the Schiff base chemosensors (DMP and MP) were synthesized by the condensation reaction (Scheme 1) between the amine 
derivative (2-Picolylamine, 1 mmol) with another moiety of carbonyl compounds (3,4-Dimethoxybenzaldehyde, 1 mmol in cased of 
DMP and 3-Ethoxy-4-hydroxybenzaldehyde) in EtOH (40 ml) under reflux with stirring for 5–6 h. Yellow precipitate was formed which 
was obtained by filtration and washed with diethyl ether and then dried in a vacuum with 85% (for DMP) and 87% (for MP) yield. M. 
P.: 188 ◦C for DMP and 192 ◦C for MP. m/z: calcd: 256.12 (for DMP and MP) and obtained: 257.4 (for DMP+H+) and 256.5 (for 
MP+H+). 1H NMR spectra in CD3CN: [for DMP]: 3.65–3.94 (6H of OMe), 5.38 (1H of –CH), 7.75 (1H of = CH) and 6.59–8.57 (7Ar–H) 
and [for MP]: 3.77–3.79 (5H of OEt), 5.23 (1H of –CH), 7.68 (1H of = CH) and 6.72–8.52 (7Ar–H) and 8.29 (1H of OH) (Figs. S1–S3, 
ESI). 

3. Results and discussion 

3.1. Photostability 

High photostability is a fundamental feature of the chemosensor to be considered for long-time exposures [35]. Therefore, the 
photostability of both DMP and MP have been investigated and the probes depicted notable fluorescence stability under UV lamp up to 
1 h, alluring their effectual applications towards TNP detection even in the cellular matrices (Fig. S5, ESI). 

3.2. Fluorimetric titration of DMP and MP with TNP 

Under UV light both the unbound chemosensors (10− 3 M) showed greenish illumination in ACN solvent, which were quenched 
upon the addition of 10− 4 M aqueous TNP. All the other NAEs were apparently irresponsive, suggesting the selective sensing effi-
ciencies of the sensors towards TNP (Fig. 1(a, b), S8, ESI). Accordingly, in the fluorescence titration experiments, the DMP and MP 
exhibited emission spectra at 450 and 460 nm respectively, which upon gradual addition of TNP diminished in intensity along with a 
remarkable red-shifting, suggesting enhanced ICT within the sensor-analyte adducts (Fig. 2(a, b)). The response of the sensors towards 
TNP has also been noted to be constant for a long-time period (Fig. S6, ESI). The fluorescence spectra clearly indicated that MP has 
more sensing efficiency towards TNP compared to DMP as a result of enhanced electron density within the framework, which has also 
been revealed from the detection limit and quenching constant values (Table 1, Fig. S8, ESI). The quantum yield of DMP and MP were 
also calculated to be 0.82 and 0.97 respectively (Fig. S7, Table S1, ESI). 

3.3. FT-IR spectra analysis of DMP and MP in presence of TNP 

In the FT-IR spectra, the occurrence of the peak at 1640 cm− 1 (for DMP) and 1600 cm− 1 (for MP) affirmed the presence of the 
–C=N- group within the chemosensors, while in the case of MP, the broad peak at 3200 cm− 1 suggested the existence of –OH group 

Scheme 1. Synthesis of DMP and MP.  
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[36]. After the addition of TNP, a new peak emerged at 3120 cm− 1 corresponding to the phenolic –OH moiety, suggesting the for-
mation of the sensor-analyte adducts (Fig. S4, ESI) [37]. However, all the other peaks at the aromatic region were intact validating no 
significant alteration of the sensory framework in presence of TNP. 

3.4. 1H NMR titration of DMP and MP in presence of TNP 

In order to acquire a clear instigation regarding the mode of sensor-analyte interactions, 1H NMR spectral titrations have been 
accomplished (Fig. 3(a, b)). In both cases, after the addition of TNP, the formation of a new peak at 8.7 ppm corresponding to the 
aromatic protons of TNP attributed the formation of host-guest adducts [38]. In the case of DMP, there was no significant spectral 
shifting in presence of TNP, suggesting a π–π stacking interaction between the sensor and TNP molecule. Likewise, TNP produced a 

Fig. 1. Selective fluorescence quenching of (a) DMP and (b) MP towards TNP in presence of other NAEs.  

Fig. 2. Fluorescence quenching of (a) DMP and (b) MP in presence of TNP in ACN-H2O media.  

Table 1 
Detection limit and quenching constant of DMP and MP.  

Chemosensor Limit of detection Quenching constant 

DMP 144 μM 1.18 × 105 M− 1 

MP 39 μM 2.15 × 105 M− 1  

Fig. 3. 1H NMR spectral titration of (a) DMP and (b) MP in presence of TNP in CD3CN-D2O medium.  
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stacking arrangement with MP also. Nonetheless, after the gradual addition of TNP with the MP solution, the peaks corresponding to 
–CH and =CH protons significantly shifted towards up field region along with all the aromatic and –OH protons accompanied by the 
downfield shifting of the aromatic protons of TNP, attributing to H-bonding interaction between the imine N of MP and the –OH proton 
of TNP [38–40]. As a result, MP represented better sensing efficiency towards TNP in comparison to DMP. 

3.5. Theoretical corroboration 

The theoretical calculations (carried out in Turbomole v7.0), carried out for determining the geometry-optimized structures of the 
sensors and sensor-analyte adducts, were completely in line with the experimental findings [41–43]. Upon the addition of TNP, the 
lowering of energy and the HOMO-LUMO gap of the sensors clearly attributed to the productive host-guest interaction (Table 2). The 
negative interaction energy (calculated by, ΔE = EA,B − (EA + EB), where EA,B is the optimized energy of sensor-analyte assembly, EA 
and EB are the energies of sensor and analyte respectively) well-substantiated the feasible interaction processes. Interestingly, Lowdin 
population analysis clearly revealed that the imine N of MP was more electronegative compared to that of the DMP (Fig. S10, ESI) 
owing to the combined effects of OH and -OEt groups. In the case of DMP, the presence of the m-OMe group exerted a substantial –I 
effect while the +R effect of the p-OMe group facilitated the sensing process. Contrariwise, for MP, the existence of the p-OH group 
applied a superior +R effect, whereas the weaker electron withdrawing -OEt group played an additional advantage to enhance the 
electron density within the MP scaffold. As a result, in the case of DMP; electron-deficient TNP represented a stacking interaction at 
6.963 Å, while it produced an H-bonding interaction with the imine N of MP at a bond length of 2.83 Å along with a stacking 
arrangement at a distance of 6.593 Å, suggesting more interaction efficiency between MP and TNP (Fig. 4(a–d), Scheme 2) [44–46]. 
The results have further been elucidated by RDG calculation (Fig. 5(a–d)) [47–49]. 

3.6. Mechanistic insights on recognizing TNP by DMP and MP 

The quenching mechanisms of the chemosensors in presence of TNP can be attributed to synergistic electron transfer processes from 
the electro-rich sensor moieties towards the electron-deficient TNP molecule. Firstly, the photoinduced electron transfer (PET) has 
been affirmed from the DFT calculations, which clearly depicted that the LUMO energy level of the TNP molecule was much lower 
compared to that of the sensor molecules (Fig. 6, Scheme 2) [31]. Simultaneously, the non-linear S–V plot attributed the concomitant 
static and dynamic quenching process caused by the resonance energy transfer (RET), which has further been validated by the large 
overlap between the emission spectra of sensors and the absorbance spectra of TNP (Fig. 7(a–d)) [33]. 

3.7. Recognizing the presence of TNP in environmental specimens 

A smart chemosensor must own numerous real-world applications. Detection of TNP in natural resources, like water, and soil 
samples is significant to develop a sustainable ecosystem. With the intention of exploring the practical applications of the chemo-
sensors, various water, soil sample, and matches-powder have been collected and investigated [34]. The samples have been 
contaminated with 1 mM TNP and added to the chemosensor solutions. Remarkably, both DMP and MP exhibited significant 
quenching upon the addition of the TNP adulterated soil and water samples, encouraging their applications for on-field detection of 
TNP in various environmental matrices (Fig. 8(a, b)), Fig. S11). 

3.8. Intracellular recognition of TNP by DMP and MP 

TNP, the perilous environmental pollutant, can affect tissues and organs of the mammalian system. Wide utilization of TNP in 
several industries, including matches, leather, electric batteries, and dye industry can cause water and soil contamination [50,51]. 
Consequently, TNP can be accumulated in the human body via water and the food chain, which upon metabolization, produces more 
mutagenic picramic acid [52,53]. Therefore, in vitro detection of TNP is of significant necessity. In this context, DMP and MP, have 
been employed for recognizing TNP in A549 Human lungs carcinoma cells (Fig. 9(a–d)). Remarkably, the chemosensors incubated 
green emissive cells were observed to be quenched in presence of TNP, suggesting significant intracellular TNP recognition efficiencies 
of both DMP and MP. 

Table 2 
Geometry-optimized outcomes of DMP, MP and sensor-analyte adducts.   

Geometry-optimized energy (kJ/mol) HOMO-LUMO gap (eV) Interaction energy (kJ/mol) 

TNP − 919.85 4.352 – 
DMP − 840.01 4.484 − 1.12 
DMP + TNP − 1760.98 1.234 
MP − 840.03 4.561 − 1.12 
MP + TNP − 1761 1.197  
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3.9. Comparative literature analyses 

Extensive literature studies have been performed to access the inimitability of this present work (videTable 3). From Table 3, it is 
clearly observed that most of the explored sensory probes can detect TNP from the non-aqueous phase, while both DMP and MP were 
susceptible to detecting TNP in the aqueous phase with superior detection limit and prominent selectivity. A few of the explored 
sensors have been employed for real-field application, whereas both DMP and MP were perceived to have numerous practical 
applicability. In addition, intracellular detection of TNP by both sensors would unambiguously play a ground-breaking role in the 
domain of biomedical applications, which has not been well-explored previously. Apart from these, one of the major emphases of the 
present work was the structural modulation of the chemosensor by regulating electron density on the framework, which would provide 
a leading-edge footprint to design and develop a superior small molecular TNP selective chemosensor. 

4. Conclusion 

Two inimitable Schiff-base chemosensors, DMP and MP have been introduced for recognizing aqueous phase TNP. Both the green 

Fig. 4. Geometry optimized structures of (a) DMP, (b) DMP + TNP, (c) MP and (d) MP + TNP.  

Scheme 2. Sensing Mechanism of DMP and MP with TNP.  
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Fig. 5. RDG analysis for DMP-TNP and MP-TNP (a), (c) the scatter plot of RDG vs sign (λ)ρ and color gradient and (b), (d) RDG gradient isosurface. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Theoretical calculations affirming PET from the HOMO of the chemosenors towards TNP.  
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emissive chemosensors were observed to show significant quenching in presence of TNP, as a consequence of simultaneous PET and 
RET processes from the electron-rich sensor moieties towards the electron-deficient TNP molecule. Nonetheless, the MP framework 
was observed to have more electron density caused by the +R effect of the existing –OH group and the lesser –I effect generated by the 
–OEt group, producing comparatively stronger H-bonding interaction with TNP than DMP. Therefore, these structural modulations 
and consequent investigation would certainly be a noteworthy footprint for designing and developing proficient small molecular TNP 
sensors. All the experimental findings have further been validated by the DFT calculations. Additionally, both the sensors were capable 
to recognize TNP in contaminated soil and water samples, while intracellular recognition of TNP has also been carried out by using 
DMP and MP. 
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Table 3 
Comparative literature survey of hitherto explored TNP sensor.  

SI. 
no. 

Analytes 
detected 

LOD Detection medium Real water analysis In vitro detection by cell 
imaging 

References 

1. TNP 0.017 μM H2O Lake water – [54] 
2. TNP 0.12 μM H2O – – [55] 
3. DNP, TNP 0.1613 μM Acetonitrile – – [26] 
4. Cu2+, TNP 0.35 μM Acetonitrile – In-vitro detection for 

Cu2+
[38] 

5. TNP 0.57 μM H2O – – [31] 
6. TNP 0.576 μM Acetonitrile, 

Toluene 
– – [28] 

7. Al3+, Zn2+, 
TNP 

1.74 μM H2O- THF – – [56] 

8. TNP 70 μM DMSO – – [57] 
9. TNP 99 μM H2O – – [27] 
10. TNP 370 μM H2O – – [58] 
11. TNP, Cu2+ 2410 μM DMF – – [59] 
12. TNP 144 μM, 39 

μM 
H2O Soil sample, Pond water, Coal mine water, Well 

water, River water 
In-vitro detection This Work  
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