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In recent years, the detection of nitroaromatics (NACS) has attracted the researchers’ attention due to increased threats of
terrorist and environmental protection. In this regard, tetra-thiophene (Th) functionalized naphthalene diimide (NDI)
conjugate NDI-Th has been synthesized and confirmed via spectroscopic methods. UV-Vis and fluorescence methods have
been utilized to examine the photophysical characteristics of NDI-Th in various solvent systems. Moreover, NDI-Th as a
fluorescent sensor displays selective recognition of 2,4-dinitrophenol (DNP) and 2,4-trinitrophenol (TNP) with a limit of
detection of 4.74x10®M and 7.60x10°® M, respectively. Thus NDI-Th acts as a promising candidate for explosive

multi-NACs detection.

Keywords: Thiophene, Naphthalene Diimide, Nitroaromatics, Sensor

In modern society, to counter terrorist activity,
explosive detection is one of the most challenging
tasks worldwide. Among the explosives, nitrogen-
containing compounds, i.e., nitroaromatics (NACS),
have been utilized extensively as rocket fuels, in
batteries, and in matches’. Such NACs create
environmental pollution and health problems, e.g.,
skin and eye irritation and damage to the respiratory
system, kidney, and liver®®, Therefore, the detection
of such NACs can aid in controlling environmental
pollution and anti-terrorism efforts*. Researchers have
developed several detection techniques for NACs,
which in turn rely on instrumental methods, i.e., gas
chromatography coupled with mass spectroscopy
(GC-MS)°, ion-mobility  spectroscopy  (IMS)®,
surface-enhanced Raman  spectroscopy (SERS)’,
thermal neutron analysis, cyclic voltammetry®®,
energy dispersive X-ray diffraction (EDXRD)"
mass spectrometry™ and high pressure liquid
chromatography (HPLC)'. However, instrumental
techniques required sophisticated protocols with a
high cost and exhibited limitations such as poor
portability, time-consuming calibration, and effective

way of on-site applications. To overcome these
limitations, researchers developed colorimetric and
fluorescent protocols for NACs detection’®. Among
these two techniques, the fluorescence method may
yield the best sensitivity towards NACs due to the
emission signal observed at low background™. Small
Organic molecules and polymeric materials are
utilized for NAC explosives sensing’>*’. Most of the
fluorescent methods are based on the fluorescence
guenching mechanism upon the interaction of the
receptor with NACs. The fluorescence materials
exhibited some drawbacks, such as emission
guenching, photodegradation, and photobleaching of
the organic materials. To overcome these limitations,
the design and development of organic fluorescence
materials for selective and selective NACs trace
detection is still a challenging task.

Herein, we demonstrate the photophysical and
sensing characteristics of NDI-Th (naphthalene
diimide-thiophene), an organic molecular architecture
fabricated from naphthalene diimide (NDI) and
thiophene (Th). These complementary subunits
were selected for their molecular structures
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and photophysical properties. NDIs are aromatic
n-conjugated  chromophores  exhibiting  n-type
semiconducting ~ properties'.  The  structural
manipulation of NDI at imide- and core- position
makes it an attractive scaffold for various applications
ranging from materials, chemosensing, bioimaging,
and biological applications™. Core-substituted NDIs
are extensively employed in sensing applications due
to their optical and photophysical properties and ease
of derivatisation®*?!. Thiophene-containing organic
molecules exhibited great potential in materials
science. Thiophene-bearing n-systems display high
charge transport characteristics and are widely
employed in organic light emitting diodes (OLEDs),
organic photovoltaics (OPVs), and organic field-
effect transistors (OFETs)?. Moreover, a literature
search revealed that the incorporation of thiophene in
the organic fluorophore such as pentacenequinone
(Fig. 1a) ® and tetraphenyl ethylene (TPE) ?* (Fig. 1b)
had been examined as fluorescent receptor for NACs.
Thiophene (Th) played a pivotal role in enhancing the
NACSs recognition ability. In the design of NDI-Th,
we demonstrate the selection of fluorophore and the
introduction of Th, which in turn leads to enhanced
NAC recognition properties. The detection limit of

(a) (b)

NDI-Th towards TNP and DNP were estimated to be
4.74 x 10 M and 7.60 x 10" M, respectively.

The synthetic route for NDI-Th is displayed in
Scheme 1. In the first step, 2,3,6,7-tetrabromo-NDI 2
was synthesized via a bromination reaction of 1,4,5,8-
naphthalenetetracarboxylic dianhydride 1 in the
presence of H,SO, and DBH®. Compound 3 was
synthesized by treating 2 with 2-ethylhexyl amine in
acetic acid, followed by phosphorus tribromide®.
2-Tributylstannylthiophene was utilized in a Still
cross-coupling reaction with 3 to afford thiophene
functionalized NDI (NDI-Th) (Scheme 1, Fig. 1a)®.
NDI-Th was well characterized by *H and **C NMR
spectroscopy, FT-IR, MALDI-TOF, and HRMS
spectrometry. In the HRMS spectrum of NDI-Th, a
peak corresponding to [NDI-Th+H]" appeared at
m/z 819.2413 (Fig. S5, ESIY).

Photophysical studies

The UV-Vis spectra of NDI-Th (1x10° M) in
different solvents such as THF, DCM, MeOH, ACN,
and MCH were recorded (Fig. 2¢). In DCM, NDI-Th
exhibited absorption peaks at 259 nm (e = 86800 M *
cm?), 284 nm (¢ = 26000 M cm?), 360 nm
(e = 18200 M* cm?), 379 nm (¢ = 16700 M* cm?),

()
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Fig. 1 — Molecular structures of the receptor for NACs sensing
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Scheme 1 — Synthetic route for NDI-Th
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Fig. 2 — Molecular structure of (a) NDI-Th and (b) nitroaromatics,

(Aex= 370 nm) of NDI-Th (10 uM) in different solvents at RT.
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(c) UV-Vis spectra of NDI-Th (10 uM) and (d) Fluorescence spectra
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Fig. 3— (a) Fluorescence spectra (Aex = 370 nm) of NDI-Th (1x10° M) in DCM upon addition of 180 eq. of NACs, (b) Quenching
percentage of NDI-Th upon the addition of various NACs respectively at RT.

and broad peak at 500 nm (g = 6800 M* cm ™). There
were negligible shifts in the UV-Vis peaks of NDI-Th
in THF, MeOH, ACN, and MCH (Fig. 2c), indicating
no change in the ground state energy distribution of
NDI-Th. The fluorescence spectra of NDI-Th (1x10~
>M) in DCM, upon excitation at 370 nm, displayed
two strong fluorescence emission peaks at 411 nm
and 434 nm, and a shoulder peak at 466 nm (Fig. 2d).
Notably, as we transitioned from THF to ACN to
MeOH to MCH, we observed a gradual decrease in
fluorescence peak intensity. These findings suggest
that solvent polarity exerts a significant influence on
the fluorescence properties of NDI-Th?’.

NDI-Th exhibits strong fluorescence properties in
DCM. Therefore, NDI-Th was explored as a sensor
for the detection of NACs in DCM. The fluorescence
intensity of NDI-Th quenching with the addition of
various NACs is displayed in Fig. 3a and Fig. 3b. All
the examined NACs, e.g., 4-NP, 3,5-NBA, 4-NT BA,
NB, and NM (Fig.2b), exhibited negligible
fluorescence emission quenching except TNP and
DNP (Fig. 3a and Fig. 3b). The results displayed that
the fluorescence quenching of NDI-Th in the presence
of NACs containing only one hydroxyl group
followed the order of TNP (Fig. 3b, blue bar) > DNP
(Fig. 3b, red bar) > NP (Fig. 3b, green bar), with both
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Fig. 4 — (a) FL spectra (Aex = 370 nm) of NDI-Th (1x107° M) in DCM upon addition of TNP (0 to 180 eq.) at RT, (b) FL spectra (Aey =
370 nm) of NDI-Th (1x10™° M) in DCM upon addition of 2,4-DNP (0 to 180 eq.) at RT, (c) Stern—Volmer plot for the quenching of NDI-
Th with increasing concentration of TNP. The inset shows the initial concentration region of Stern-Volmer plot, (d) Stern—Volmer plot
for NDI-Th with the increasing concentration of 2,4-DNP and in initial region of Stern-VVolmer plot is shown in the inset.

TNP and DNP demonstrating the highest quenching
efficiency compared to NP. Therefore, NDI-Th
showed good selectivity towards TNP and DNP
compared to other NACs.

Fluorescence study of nitroaromatics detection
Furthermore, to get detailed insight into the sensing
properties of NDI-Th towards TNP and DNP, we
performed fluorescence (FL) titration experiments.
Upon the incremental addition of TNP to the NDI-Th
in DCM, we found the gradual quenching in the
fluorescence emission peak intensity (Fig. 4a).
Similarly, with the gradual addition of DNP, we
observed a systematic decrease in fluorescence
emission intensity of NDI-Th (Fig.4b). The
fluorescence quenching efficiency was estimated
using Stern-Volmer (SV) plots and equation.
The fluorescence quenching response of NDI-Th, i.e.,
SV plots upon addition of TNP and DNP, were
displayed in Fig.4c and Fig. 4d, respectively.
Incremental addition of TNP to NDI-Th exhibited an
upward curve in the SV plot (Fig. 4c). At lower
concentrations, a linear quenching response was
observed (Fig. 4c, insight), indicating static

guenching, whereas, at higher concentrations of TNP,
the deviation of SV curve from linearity suggested
dynamic quenching due to the resonance energy
transfer. The SV constant was calculated using
equation®®.

Io/l =1+ ng[Q] .. (1)

The fluorescence peak intensities, I, and I,
correspond to the absence and presence of NACsS,
respectively. The concentration of the analyte being
measured is represented by [Q], while Kgy stands for
the Stern-Volmer constant.

The estimated SV constant for NDI-Th with the
addition of TNP and DNP was found to be
4.65x10° M and 6.85x10° M *, respectively.

To examine the NDI-Th practical application, the
limit of detection (LOD) was estimated to determine
the receptor’s sensitivity. Fig. 5a and Fig. 5b show the
calibration curves of NDI-Th with the decrease in
fluorescence intensity with increasing concentrations
of TNP and DNP, respectively. The initial region
(inset) of the calibration curves from Fig. 5a and
Fig. 5b were utilized to calculate the LOD of NDI-Th
towards TNP and DNP, respectively.
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Fig. 5 — (a) Calibration curve of NDI-Th vs increasing concentration of TNP (0 to 180 eq) at 411 nm, (b) Calibration curve of NDI-Th vs
increasing concentration of 2,4-DNP (0 to 180 eq) at 411 nm, (c) Fluorescence spectra of NDI-Th (1x10°° M) in DCM with the addition
of TNP in the presence of other NACs (180 eq) at RT, (d) Fluorescence spectra of NDI-Th (1x10~° M) in DCM upon addition of 2,4-DNP

in the presence of other NACs (180 eq) at RT.

LOD = 34/K e

Where ¢ is the standard deviation

K'is the slope from the intensity versus sample
concentration plot.

From the slope of the curves, estimated
LOD was found to be as low as 4.74x10°M
and 7.60x10°M for TNP and DNP, respectively,
which is comparable to the literature reported
values.

Further, we examined the sensitivity of NDI-Th
towards TNP and DNP in the presence of potentially
competitive NACs (Fig. 5¢, Fig.5d, and Fig. S6a
and S6b). As shown in Fig.5c, the competitive
experiments of NDI-Th displayed a remarkable
fluorescence response towards TNP upon the
addition of other NACs, indicating that NDI-Th could
be a promising sensor for TNP. A similar trend was
also observed for DNP addition to NDI-Th in the
presence of other interfering NACs (Fig. 5d).
Therefore, we could employ the NDI-Th receptor for
the selective detection of TNP and DNP in actual
samples.

Experimental Section

Materials and Methods

Chemicals and solvents were obtained from various
sources including Sigma Aldrich, India, Alfa Aesar,
India, TCI, India, and Finar, India, and were used as
received. The FT-IR spectra were obtained using a
Thermo Nicolet Nexus 670 FT-IR spectrometer, while
'H and **C NMR spectra were measured using Bruker
Avance 400 or 500 MHz and 100 MHz spectrometers,
respectively. The ESI-MS spectra of the synthesized
compounds were acquired using Shimadzu Lab
solutions, and MALDI-TOF measurements were
performed wusing a Shimadzu Biotech Axima
performance spectroscopic instrument. Shimadzu UV-
1800 spectrophotometer and RF-6000 were employed
for absorbance and fluorescence measurements in
solution form.

Synthesis of 2

In a 250 mL round-bottom flask, 2 g (7.45 mmol)
of naphthalene-1,4,5,8-tetracarboxylic  dianhydride
(NDA) and 70 mL of sulphuric acid were added and
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stirred at RT for 20 min. Then, 1,3-dibromo-5,5-
dimethylhydantoin (DBH) was added in six portions
over the course of 2 h and stirred for an extra 30 min
at RT The reaction mixture was heated to 110°C and
kept stirring for 16 h. The reaction progress was
monitored using thin layer chromatography (TLC).
After the completion of the reaction, the mixture was
cooled and quenched with crushed ice before being
filtered using a suction vacuum. The resulting residue
was washed first with water followed by methanol.
The obtained yellow solid of 2,3,6,7-tetrabromo-
1,4,5,8-naphthalenetetracarboxylic dianhydride (3.2 g)
was collected and dried in an oven. The 2,3,6,7-
tetrabromo-NDI was used for the next step without
any further purification.

4,5,9,10-Tetrabromo-2,7-bis(2-ethylhexyl)benzo
[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone, 3

To a solution of compound 2 (2.5 g, 4.2 mmol) in
80 mL of acetic acid, 1.93 g (14.98 mmol) of 2-ethyl-
1-hexylamine was added and stirred for 15 min at RT.
The resulting mixture was then heated to 80°C and
left to react for 12 h. Once the reaction was complete,
the mixture was cooled to RT and poured into ice
water. The yellow precipitate was collected by
filtration and washed with water. The resulting crude
product was then dried under vacuum and used
directly in the next step.

The crude material obtained in the previous step
(3.5 g, 4.15 mmol) was added to 70 mL of anhydrous
toluene and stirred at RT for 10 min. PBr; (2.80 g,
10.38 mmol) was then added, and the mixture was
refluxed at 110 °C for 48 h while monitoring the
reaction progress by TLC. Once the reaction was
complete, the mixture was allowed to cool to RT and
then extracted with toluene (3x60 mL). The combined
organic layer was dried over anhyd. Na,SO,, then
concentrated under vacuum conditions. Subsequently,
the crude product obtained was purified through
column chromatography, employing a hexane:
dichloromethane mixture as the eluent. This yielded 3
as a dark yellow solid with a yield of 65%. 'H NMR
(400 MHz, CDCl3): 6 4.19-4.17 (d, 4H), 1.97 — 1.92
(m, 2H), 1.40 — 1.36 (m, 16H), 0.96 — 0.930 (t, 6H),
0.90-0.87 (t, 6H); *C NMR (100 MHz, CDCly): &
160.32, 135.37, 126.46, 125.85, 46.35, 37.84, 30.65,
28.52, 23.98, 23.10, 14.09, 10.60; MALDI-TOF: m/z
Calcd for CsoH34BrisN,O,: 801.92. Found: 802.82
[M+H]".

2,7-bis(2-Ethylhexyl)-4,5,9,10-tetra(thiophen-2-yl)
benzo[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone, NDI-Th

To a solution of compound 3 (0.500 g, 0.62 mmol)
in 50 mL of anhydrous THF, tributyl(thiophen-2-yl)
stannane (1.38 g, 0.30 mmol) and palladium (I1)
bis(triphenylphosphine)  dichloride  (PdCI,(PPhs),)
were added under a nitrogen atmosphere. The reaction
mixture was then heated to 80°C and left to react for
15 h, while monitoring the reaction progress by TLC.
Upon completion of the reaction, the mixture was
allowed to cool down to RT before the solvent was
evacuated using a vacuum. The resulting crude
product was subsequently purified through column
chromatography, utilizing a hexane-dichloromethane
mixture as the eluent. This yielded NDI-Th as a red
solid with a yield of 80%. FT-IR (KBr): 3479, 2926,
2854, 1673, 1434, 1369, 1283, 1194, 841, 698 cm *;
'H NMR (400 MHz, CDCl5): § 7.39-26 (m, J =5.01,
1.22 Hz, 4H), 6.97-6.95 (m, J=3.5 Hz, 4H), 6.66-
6.67 (m, J=3.54, 1.10 Hz, 4H), 3.91-3.89 (t, 4H),
1.81-1.78 (m, 2H), 1.27-1.18 (m, 16H), 0.85-0.78
(t, 12H); “*C NMR (100 MHz, CDCly): & 161.81,
142,59, 138.73, 127.88, 127.08, 126.80, 125.79,
44,95, 37.25, 30.39, 28.55, 23.62, 23.17, 14.13,
10.51; MALDI-TOF: m/z Calcd for C46H46N204S4:
818.23. Found: 819.28 [M+H]"; HRMS: m/z Calcd

for CuH47NO,S,:  819.2380. Found: 819.2413
[M+H]".
Conclusions

In summary, we developed thiophene-

functionalized NDI as an explosive nitroaromatic
sensor. NDI-Th showed efficient fluorescence
quenching properties in the presence of TNP and
DNP. The quenching constants for NDI-Th with the
addition of TNP and DNP were 4.65x10°M™ and
6.85x10° M, respectively. Moreover, synthesized
NDI-Th fluorophore can detect TNP and DNP with as
low a detection limit of 4.74x10® M and 7.60x10° M,
respectively. This work provides the significance of
the thiophene subunit in improvement in NACs
detection. Thus, the incorporation of thiophene in
fluorophore moiety will become an increasingly
important probe for the fluorescence detection of
NACs.
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