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A simple imidazole-pyrene based sensor (1) has been developed by simple one step reaction and characterized by
using common spectroscopic techniques. When various nitroaromatic compounds were incorporated to CH3CN:
H,0 (1:2, v/v) solution of 1, the fluorescent probe turned non-fluorescent in presence of picric acid, upon
irradiation at 310 nm. This was accompanied by negligible changes with other molecules along with fluorescent
color change from bluish-green to colorless in case of picric acid. Also, the fluorimetric sensing of picric acid was
done using smartphone and invisible ink applications. The sensor has been found efficient for the recognition of
picric acid in aqueous medium.

1. Introduction

Nitroaromatic compounds have been the most commonly used
chemicals all around the world because of their wide applications in
industries and other fields. It happens due to the unique chemistry of
nitro groups, which makes the n-electrons of the ring delocalize when
get attached to a benzene ring. In addition, they have deactivating na-
ture towards the electrophilic aromatic substitution of the benzene ring
due to which meta positions receive more attacks. The most exceptional
application includes their use in high-energy explosives [1,2].

Because of its highly explosive nature, more toxicity than tri-
nitrotoluene (TNT) and its extensive use during World War I, picric
acid (PA) has been seen as an imminent competitor amongst diverse
nitroaromatic compounds [3,4]. Additionally, it has high solubility in
water, leading to the main contaminant of groundwater. It has been
widely used in the dye industry, matches and leather processing, rocket
fuel manufacturing, and pharmaceuticals industry [5,6]. Its exposure
can result in skin and eye irritations, liver breakdown and chronic
syndromes similar to anaemia, cancer and cyanosis [7-9]. As a result,
responsive and careful recognition of such an explosive turns out to be
an area of superlative significance in today’s world. Conversely, the
precise detection of PA continues to exist as a challenging and
demanding job for the research fraternity owing to its electron-deficient
character in contrast to the other nitroaromatic explosives.

There has been a variety of techniques for recognizing nitroaromatic
explosives that involve trained canines, metal sensors, and different
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spectroscopic methods [10-13]. Currently, the research field of devel-
oping and creating molecules with good sensitivity and selectivity has
seen a brilliant success [14,15]. Amidst them, for sensing a variety of
analytes along with extensive applications in environmental chemistry,
cell biology, and biochemistry, fluorescent sensors have drawn consid-
erable attention as vibrant tools [16]. The analyses based on fluorescent
sensors have different advantages such as easy sample preparation,
rapid response time and highly economical [17-21]. Several fluori-
metric sensors have been reported in the literature including small
molecular structures, metal nanoparticles, and numerous supra-
molecules [22-24]. However, these mostly incorporate sensors with
hydrophobic nature due to which they lack practical applications in the
aqueous medium. For that reason, to recognize nitroaromatic com-
pounds in water systems, a lot of hydrophilic sensors have been devel-
oped [25].

The recent developments in smartphone technology advanced the
areas of chemical and biological sensing for a wide series of analytical
species [26,27]. The technological hitches have been conquered by the
means of 3D printing technology and smart software [28-30]. The pri-
marily utilized element of a smartphone has been its camera that ana-
lyzes the color images quantitatively using colorimetry or photometry.
For the spectrometers or specially framed test strip readers, colorimetric
investigation has been a commonly used chemical process. Smartphone
technology can assist chemists in colorimetric analysis with the captured
image quantification.

Furthermore, in the present age where any information could be
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spread or leaked in many ways involving social media, the internet, and
printing data [31,32], it becomes very important to follow such an
approach to conceal documented data [33]. If some important infor-
mation got revealed, it could pose high risks at national levels. Hence,
the concept of high-security invisible ink [34,35] has been introduced
these days to hide information/data and avoid significant risks to
commercial and military purposes [36].

In this work, we have demonstrated the facile synthesis of fluori-
metric imidazole-pyrene based sensor, 1, which has been employed
successfully for detection of picric acid (PA) in aqueous solution. In
addition, the sensor has also been applied for the fluorescence color
analysis of PA using smartphone based application ‘Color Detector App’.
Further, the concept of invisible ink has been displayed by fluorimetric
changes observed upon the addition of PA in the aqueous solution of
sensor, 1.

2. Experimental
2.1. Materials and instrumentations

The detailed information about materials used for synthesis of sensor
1 and general procedure for UV-vis, fluorescence and 'H NMR titration
studies have been given in SI.

2.2. Synthesis of sensor (1)

The sensor 1 was developed by using the reactants, benzil and
pyrene-1-carboxaldehyde, in equal ratio in glacial acetic acid (Scheme

1).
3. Results and discussion
3.1. Fluorescence spectral studies

Initially, to review the sensing competency of sensor 1, the UV-vis
spectra of the sensor 1 (20 pM) in CH3CN:H20 (1:2, v/v) (Fig. S5) was
investigated with different nitroaromatic explosives including PA, 2-NT,
4-NT, 4-NP, NB, TNT and DNP. Keeping in mind the selectivity factor,
the solvent system CH3CN:H30 (1:2, v/v) was employed after evaluating
other solvent systems for detection of nitroaromatics. There was ob-
tained two peaks at 270 and 359 nm in the UV spectra of the sensor 1.
Upon the incorporation of above mentioned compounds to the CH3CN:
H,0 (1:2, v/v) solution of sensor 1, negligible changes were obtained in
the absorption spectrum. Although, a new peak was observed at 359 nm,
yet any definite changes observed with PA addition could not be
acknowledged because of own absorbance of PA around 350 nm.

In contrast, a fluorescent behavior was exemplified by sensor 1 (Aex
= 310 nm). Though, upon incorporation of various nitroaromatic
compounds such as PA, 2-NT, 4-NT, 4-NP, NB, TNT and DNP, only
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addition of PA to the solution of 1 (2 pM; CH3CN:H»O (1:2, v/v)) pro-
duced remarkable quenching of fluorescence intensity (Fig. 1a). In the
same environment, all other incorporated molecules demonstrated
fluorescence responses of no consequence. In addition, fluorimetric
color changes were detected in the presence of only PA from bluish-
green to colorless, upon irradiation with light of wavelength 310 nm
(Fig. 1b).

The quantitative evaluation was done for analyzing the interactions
between 1 and PA using fluorescence titration experiment by the addi-
tion of PA to solution of sensor 1. With the progressive addition of PA,
the fluorescence intensity was quenched gradually with an insignificant
shift in the spectra indicative of the formation of [1-PA] complex
(Fig. 2). The quenching of fluorescence intensity might be due to n-n
interactions between picric acid and pyrene moiety of sensor 1, which
disrupted the conjugated system. It was also scrutinized that PA itself
demonstrated a weak emission peak at around 372 nm in the fluores-
cence spectra and this peak did not interfere in the given spectral
changes. Hence, the responses observed are caused due to complex
formation of [1-PA] after their interactions in excited state.

The job’s plot revealed the 1:1 binding stoichiometric ratio of sensor
1 with PA (Fig. S6) with association coefficient of 2.13 x 10* M1
computed on the basis of fluorescence titrations by use of the Benesi-
Hildebrand equation given below [37];

I/F - Fn = 1/Fmax - Fo + 1/[Fmax - Fn]K[C]
here, F, = fluorescence of free sensor 1, F = fluorescence measured with
PA and Fp,5x = emission intensity value estimated with an excess amount
of PA at 470 nm; K = association coefficient and [C] = PA concentration
added.
Assessment of the limit of detection (LOD) was done by employing
the equation: LOD = 30/s [38] and it was estimated as 8.14 x 1077 M.
There has been an implication of the selective detection of PA
amongst other said nitroaromatic compounds by using sensor 1 on the
basis of above results.

3.2. 'H NMR titration experiment

For assessing the optical responses and type of interactions upon the
addition of PA in sensor 1, 'H NMR titration experimentation was
implemented (Fig. S7). When 0.5 equiv. of PA was added, the signal of
aromatic protons in the free sensor 1 from & 8.5-7.5 ppm was shifted
slightly upfield and there was appearance of a new peak respective of
picric acid (PA) at around & 8.65 ppm after the incorporation of 1.0
equiv. of PA. These outcomes unveiled the interactions of PA with the
pyrene aromatic protons and hence, the NMR peaks were moved to the
shielded area attributable to disturbance in the conjugation of the pyr-
ene ring.

NH4OAC

> HN O

Glacial Acetic Acid —

N

(0))

Scheme 1. Synthesis of the target sensor 1.
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(b)

Fig. 1. (a) Fluorescence response of 1 in CH3CN:H,0 (1:2, v/v) upon addition of 100 equiv. of different nitroaromatic compounds; (b) Fluorescent colorimetric
responses of 1 in CH3CN:H,0 (1:2, v/v) in the presence of 100 equiv. of above said nitroaromatics.
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Fig. 2. Fluorescence titration spectra of 1 (2 pM) in CH3CN:H»O (1:2, v/v) by
incorporating different concentrations of PA (Aex = 310 nm). Inset: Emission
intensity curve at 470 nm versus the concentration of added PA.

3.3. DFT calculations

The theoretical studies were carried out for the estimation of the
structural and binding characteristics of sensor 1 with PA. The optimi-
zation of the structures of sensor 1 and 1-PA complex (1:1) were per-
formed by Density Functional Theory method (DFT). These calculations
were executed using the Gaussian 03 package using the exchange cor-
relation function B3LYP and the basis set 6-31G (d, p) for C, H, N, and O
atoms. Figure S8 displayed the optimized structures of 1 and the 1-PA
complex along with the energy consideration diagram which presented
that on complex formation of 1 with PA molecule, the energy gap of
HOMO and LUMO decreased with respect to free sensor pointing to-
wards the formation of a stable conjugate. Also, it has been observed
that the bond distance between the pyrene group and the —OH of PA was
decreased from 3.26 A (in input file) to 2.98 A (in output file) in the 1-PA
complex and there was witnessed a small decrease in the distance amid
the pyrene moiety and -NO, (of PA) from 3.04 A (in input file) to 2.8 A
(in output file) (Fig. S9). These observations evidently advocated the
interactions between the PA molecule and pyrene group of sensor 1 and
corroborated with absorption and fluorescence changes.

Additionally, the electron density of the HOMO of 1 was situated on
the electron withdrawing as well as electron donating part and for the
LUMO, the electron density lied on the electron donating portion. The
DFT plots of the HOMO, and LUMO after the addition of PA presented
that the electron density was located on the electron-withdrawing area
of sensor 1, and on the PA fragment, respectively (Fig. S8).

3.4. Interference studies
For establishing a sensor’s performance, its highly selective nature

for the target species amongst other interfering species has been a sig-
nificant aspect. Consequently, in the presence of 50 equiv. of PA assorted

with 100 equiv. of various competing nitroaromatic compounds (2-NT,
4-NT, 4-NP, NB, TNT and DNP), interference studies were conducted by
means of fluorescence spectroscopy. Also, the competitive studies were
carried out with 100 equiv. of common anions and metal ions mentioned
above. Figure S10a-S10b clearly demonstrated that the fluorescence
responses were not influenced by the incorporation of an excess of other
interfering molecules or ions. Consequently, it was suggested that sensor
1 was capable of sensing PA with great selectivity and sensitivity.

3.5. Probable recognition mechanism

The proposed sensing mechanism for detection of PA using sensor 1
has been displayed in Scheme 2, which comes into picture on the basis of
optical (absorption and fluorescence studies), job’s plot titrations,
computational assessments and 'H NMR titration experiments. The
sensor 1 comprised of a large delocalized n-system due to the presence of
the conjugated planar structure of pyrene that promoted the PA mole-
cule for interacting and binding with the pyrene group via n—x in-
teractions and hence interfering in the conjugated arrangement, which
consecutively quenched the fluorescence of sensor 1. Here, the pyrene
group took part in n—nx interaction and contributed to binding of PA with
1:1 stoichiometric ratio (Scheme 2). The mechanism has been predicted
to be dynamic as the formation of complex [1-PA] occurred in excited
state only (as seen from fluorescence spectra) and also, quenching effi-
ciency increased with rise in temperature (Fig. S11) [39]. These out-
comes clearly pointed towards the probability of dynamic quenching
mechanism.

3.6. Practical applications

3.6.1. Smartphone-assisted quantification of picric acid

Upon the addition of picric acid (PA), the aberration in the RGB color
strength of sensor 1 was determined by smartphone (Model: Redmi Y2)
using ‘Color Detector App’. Sensor 1 displayed an evident fluorescent
color response with PA. The RGB color values acquired from the in-
teractions of sensor 1 with the known concentration of PA (0 to 10 pM)
were recorded by the smartphone camera under UV lamp (Fig. S12a).
The standard curve showing R/G ratio versus different concentrations of
PA has been validated in figure S12b.

3.6.2. Practical utility-Invisible ink

The sensor (1) solution could be used as invisible security ink due to
observable and significant fluorimetric responses in the presence of PA.
It could be seen from the figure S13 that the bluish-green fluorescent
color of ‘Picric Acid” written by sensor (1) solution noticed under UV
lamp turned non-fluorescent (colorless) with the addition of PA solution.

3.7. Comparison of present work with literature sensors for picric acid
(PA)

The Table 1 has been formulated to compare the present work with
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Scheme 2. Anticipated recognition mechanism for sensor 1 with PA.
Table 1
Comparison with the earlier reported sensors.
S.No. Sensor Analytes Method for detection of Picric acid (PA) LODpp (M) Reference
1. O Picric Acid Fluorescence 8.14 x 1077 [Present work]
H
)
L~
O
1)
2. Picric Acid Absorption, Fluorescence and Electrochemical 3.2 x10°° [11]
SASYIAS
. CHy
Oy OO O
HKC © ©
«H g—.\u—l NH]Ln
3. | X Picric Acid and Trinitrotoluene Fluorescence - [12]
//*11*0*317
“ = S‘rO*S‘lJ/j\n
SO
4, @ PN H @ Picric Acid and PYX Explosives Absorption and Fluorescence 1.0 x 107 [40]
N N B
4N N
O =/ O
9 o
‘O RIS
5 0 HO, Cu®" and Picric Acid Fluorescence 9.5 x 107 [41]
/N*N
OH
6. (0] Picric Acid and p-Nitrophenol Fluorescence 2.71 x 10°° [42]
N
</ NOH
HN NH,
7 " HN—T\i — AI** and Picric Acid Fluorescence 1.225 x 1074 [43]
X, .-N S \
(0]
OH
OH

the previously developed sensors for picric acid (PA) in literature. This
has been realized that sensor (1) has high sensitivity and selectivity for
PA recognition in contrast to the other systems. The LOD value for PA
has been detected as the lowest from the analogous sensors in the
literature. It has been noticed that in most of the systems (Table 1), PA
interacted with sensor moieties via some functional groups present in
their respective structures. While, in sensor 1, PA molecule disturbed the
conjugation of pyrene through n—n interactions, hence, quenched its

fluorescence intensity. Moreover, sensor 1 has been utilized as real-time
fluorimetric system for the sensing of PA using smartphone and invisible
ink applications. Consequently, sensor 1 turned out to be better than the
other systems owing to its simple one-pot synthetic procedure, lower
detection limit and practical utilizations.
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4. Conclusions

For the selective sensing of picric acid (PA) in water system, a
pyrene-based fluorescent sensor (1) has been developed. The PA when
added to the solution of sensor 1, made it non-fluorescent by quenching
the fluorescence intensity along with the fluorescent color from bluish-
green to colorless. The computational calculations and job’s plot titra-
tions confirmed the recognition mechanism and the stoichiometric ratio
between the sensor and the analyte. The sensor has been employed for
fluorimetric color detection of PA by means of smartphone application
‘Color detector App’. Moreover, the sensor could be applied in daily-life
for the detection of PA by the means of invisible ink applications.
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