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With variation in the spacer from flexible tetra-methylene to semi-rigid xylylene, connecting
quinoline chromophores and Lewis basic pyridyl groups on both ends, two new fluorescent sensors,
N,N’-bis(pyridin-2-ylmethyl)-N,N’-bis(quinolin-2-ylmethyl)butane-1,4-diamine (bqbpbn, 1) and N,N’-
(1,4-phenylenebis(methylene))-bis(1-(pyridin-2-yl)-N-(quinolin-2-ylmethyl)methanamine)  (bgbpxn, 2)
have been designed and synthesised via simple reduced Schiff base chemistry followed by the
nucleophilic substitution reaction under basic conditions in good yields. These were characterized by
various analytical techniques, such as FT-IR, UV-vis and NMR (*H and **C) spectroscopy, and high
resolution mass spectrometry (HRMS). The effect due to the change in the spacer was investigated
towards the sensing of nitro-phenolic compounds, especially highly explosive 2,4,6-trinitrophenol (TNP)
in water with a detection limit of 1.2 ppm and 0.3 ppm in 1 and 2, respectively. The detailed mechanistic
studies indicate that photo-induced electron transfer is more dominant in 2 due to the semi-rigid
xylylene spacer favouring better detection of TNP. Both are potential for on-site TNP detection for
practical applications. For this kind of application, the chemical and hydrolytic stability of 1 and 2 were
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10 ppb, respectively) via chelation-enhanced fluorescence in aqueous medium with the formation of 1:1

rsc.li/materials-advances and 1:2 adducts, respectively.

Introduction

In recent years, the design and development of potential single-
molecule sensors has been a key research activity for the
detection of lethal nitro-aromatic compounds (NACs) owing
to their explosive nature, frequent use in military and mining
applications and exploitation by terrorists."™ This is directly
affecting national/international security and the environment
due to their destructive properties.>” Among the various NACs
including 2,4,6-trinitrophenol (TNP), 2,4,6-trinitrotoluene
(TNT), 2,6-dinitrotoluene (2,6-DNT), 2,4-dinitrotoluene (2,4-DNT),
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 1,3-dinitrobenzene
(1,3-DNB) and nitrobenzene (NB), TNP and TNT are widely used
in improvised explosive devices.*® TNP has more explosive power
than TNT and its different salts such as explosive D and pentolite
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are the key ingredients for explosive formulations.'®™* 1t is also
used in industries for the synthesis of dyes, plastics, leather,
fireworks etc. Due to its excessive use in various industries, there
is an injudicious release to the environment causing several
health hazards and detrimental impacts.>'* Furthermore, TNP
is highly soluble in water leading to easy accumulation in the soil
and groundwater, consequently affecting the aquatic system and
environment.**'*> Therefore, selective and sensitive detection of
TNP in aqueous medium is strongly required.

Several fluorescent materials such as conjugated polymers,
macromolecules,'® carbon dots,***' small organic probes,
cages,>*** covalent organic frameworks®**>° and metal-organic
frameworks**° have been utilized for TNP and small molecule
detection. Most of these demonstrated TNP sensing in dichloro-
methane (DCM), dimethylformamide (DMF), tetrahydrofuran
(THF) and  other organic and  aqueous-organic
solvents,'®71933740:4243 however, for practical usage detection in
water is highly in demand.?®?"*7314451 Thys, efforts are still
required in developing fluorescent materials with high stability in
water for this detection purpose. Various analytical techniques
such as surface-enhanced Raman spectroscopy, mass spectrometty,
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gas chromatography, cyclic voltammetry and fluorescence
spectroscopy have been employed for TNP detection out of
which fluorescence based sensing has gained more attention
due to cost-effectiveness, high sensitivity, real-time detection
and rapid response time.>’”®" The detection of electron-
deficient NACs is based on different signaling mechanisms,
e.g., resonance energy transfer (RET), photoinduced electron
transfer (PET), inner filter effect (IFE), intramolecular charge
transfer (ICT) and electrostatic interactions. Depending upon
the interaction site present in the sensor, detection can be
based on the above-mentioned interactions. Recently, we have
reported two fluorescent sensors based on naphthalene and
anthracene fused rings along with pyridyl moieties connected
by a tetra-methylene spacer and demonstrated their role in TNP
detection.®® This study provided a platform to design different
fluorescent sensors with some variation and increase the sensing
capabilities towards TNP.

With the consideration of all the above-mentioned factors,
we have designed and synthesized two fluorescent sensors,
N,N'-bis(pyridin-2-ylmethyl)-N,N’-bis(quinolin-2-ylmethyl)
butane-1,4-diamine (bqbpbn, 1) and N,N’-(1,4-phenylenebis
(methylene))bis(1-(pyridin-2-yl)-N-(quinolin-2-ylmethyl)methanamine)
(bgbpxn, 2), based on quinoline and pyridine moieties with a
variation in spacer from flexible tetra-methylene in 1 to semi-
rigid xylylene in 2, under ambient reaction conditions
(Scheme 1). In the design of these two sensors, different
moieties have the following roles: (i) quinoline is the source
of fluorescence that can provide n-rn interaction with the NACs
and the nitrogen atoms can be involved in electron transfer or
H-bonding interactions with the acidic phenolic NACs, (ii)
Lewis basic pyridyl groups similar to quinoline can act as a
recognition site via H-bonding, and (iii) the xylylene spacer in 2
can participate in further n-m interaction via electron transfer
or energy transfer with the suitable NACs, which is not possible
in 1 due to the presence of the tetra-methylene spacer.
Although several quinoline based sensors are reported in the
literature for metal ion sensing,®*"®° the same for the detection

Pyridine
Quinoline
Flexible :
Tetramethylene Semi-rigid Xylylene
Spacer Spacer

1] 2]

Scheme 1 Schematic representation of 1 and 2 showing the difference of
the spacer.
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of TNP is very rare.”® Furthermore, the effect on the detection of
TNP by the variation in spacer has not been studied so far.
Herein, we report the synthesis and characterization of 1 and 2
and sensing of TNP in water with the detection limit of 1.2 ppm
and 0.3 ppm by 1 and 2, respectively, due to the variation in the
spacer. Furthermore, 1 and 2 displayed enhancement in
fluorescence intensity due to the Zn** ion among many other
metal ions in 1:1 and 1:2 ratios, respectively, showing the
effect of flexible tetra-methylene and semi-rigid xylylene spacers.

Experimental section
Materials and methods

All chemicals and solvents were commercially purchased and
used as received without further purification.

CAUTION! Highly explosive TNP and TNT should be
handled carefully in dilute solutions and in small amounts
with safety measures in place to avoid an explosion.

Physical measurements

FT-IR spectra of 1 and 2 were recorded as KBr pellets in the
4000-400 cm ™" range on a PerkinElmer Spectrum I spectrometer.
The "H and "*C NMR spectra of 1 and 2 ligands were obtained in
CDCI; solution at 25 °C on a Bruker ARX-400 spectrometer.
Chemical shifts are reported relative to the residual solvent
signals. Melting points were determined by a Biichii M-565
instrument with a heating rate of 10 °C per minute. The
solution-state UV-vis spectra of NACs were recorded on an Agilent
Cary 5000 spectrometer. The solid-state diffuse-reflectance spectra
of probes were recorded on an Agilent Cary 5000 spectrometer
with an integrating sphere attachment. High resolution mass
spectrometry (HRMS) was performed using a Thermo Scientific
LTQ XL LC-MS instrument for the 50-2000 amu range with ESI
ion source. PXRD data were recorded on a Rigaku Ultima IV
diffractometer equipped with 3 kW sealed-tube Cu Ko X-ray
radiation (generator power settings: 40 kV and 40 mA) and a DTex
Ultra detector using the BB geometry over the angle range 5-50°
with a scanning speed of 2° min~* with a 0.02° step. Fluorescence
spectra were recorded using a Horiba Jobin-Yvon Fluorolog 3
Spectrophotometer with stirring attachment. The quantum yields
of 1 and 2 were determined by using the following equation: ¢4 =
¢: (OD,/ODy) (I,/1) (n*/n.>), where @, and ¢, are quantum yields of
1 or 2 and the reference, respectively, OD is the optical density, I'is
the area under the curve for the emission spectra and n is the
refractive index of the medium; the quinine sulfate (¢, = 0.546,
0.1 M H,SO,) was used as the reference. Lifetime decay profiles of
1 and 2 were carried out using the time resolved Horiba Scientific
Single Photon Counting Controller. The surface morphology of
the as-prepared samples was examined using field-emission
scanning electron microscopy (FESEM, JEOL, 8 or 15 kV).

Synthesis of N,N’-bis(quinolin-2-ylmethyl)butane-1,4-diamine
(H,bgbn)

In a 10 mL round-bottom (RB) flask, a solution of 2-quinoline
carboxaldehyde (314 mg, 2 mmol) prepared in 6 mL CH;OH

Mater. Adv., 2021, 2, 2334-2346 | 2335
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was taken. To the above solution, a methanolic solution of 1,4-
diaminobutane (0.1 mL, 1 mmol in 1 mL methanol) was added
dropwise with continuous stirring. Then, an excess of NaBH,
(3 equiv., 114 mg) was added step wise at 0 °C and stirred for
24 h at 30 °C to obtain a clear light yellow solution. The solvent
was removed under reduced pressure to obtain a solid residue
which was washed with water and extracted with chloroform.
The organic layer was dried with anhydrous Na,SO, and filtered
followed by evaporation of solvent to get a pale yellow solid.
Yield: 278 mg (75%). M.P. 90-93 °C. "H NMR (400 MHz, CDCl;):
0 1.67 (t, 4H), 2.76 (t, 2H), 4.11 (s, 4H), 7.46 (d, J = 8.4 Hz, 2H),
7.52-7.70 (m, 4H), 7.81 (d, J = 8.0 Hz, 2H), 8.05 (d, J = 8.4 Hz,
2H) 8.09 (d, J = 8.4 Hz, 2H) ppm. *C NMR (100 MHz, CDCl,):
827.9, 49.6, 55.6, 120.5, 126.0, 127.2, 127.5, 128.9, 129.4, 136.4,
147.6, 160.0 ppm. HRMS (ESI-TOF): m/z caled for [M + HJ',
371.2191; found, 371.2208.

Synthesis of N,N’-bis(pyridin-2-ylmethyl)-N,N’-bis
(quinolin-2-ylmethyl)butane-1,4-diamine (bgbpbn, 1)

200 mg (0.54 mmol) of H,bgbn and 4 mL water were placed in a
25 mL RB flask. To this solution, 179 mg (1.09 mmol) of
2-picolyl chloride dissolved in 2 mL water was added dropwise,
followed by the addition of 4 equiv. NaOH (88 mg in 2 mL
water) in order to maintain the pH close to 12. The resulting
mixture was stirred for 24 h at 30 °C. The desired product was
extracted with chloroform and then isolated as an off-white
solid by evaporating the solvent under reduced pressure. Yield:
269 mg (90%). M.P. 128 °C. "H NMR (400 MHz, CDCl,): J 1.55
(t, 4H), 2.54 (t, 4H), 3.81 (s, 4H), 3.94 (s, 4H), 7.11 (t, J = 4 Hz,
2H), 7.51-7.69 (m, 8H), 7.79 (d, J = 7.5 Hz, 2H), 8.03 (d, /= 8.5 Hz,
2H), 8.06 (d, J = 8.5 Hz, 2H), 8.48 (d, J = 4 Hz, 2H) ppm. >*C NMR
(100 MHz, CDCl,): d 24.8, 54.4, 60.5, 61.2, 120.9, 121.9, 122.9,
126.1,127.3, 127.5, 128.9, 129.3, 136.3, 136.4, 147.4, 148.9, 158.8,
160.0 ppm. HRMS (ESI-TOF): m/z caled for [M + HJ', 553.3035;
found, 553.3012.

Synthesis of N,N’-(1,4-phenylenebis(methylene))
bis(1-(quinolin-2-yl)methanamine) (H,bqxn)

In a 25 mL RB flask, p-Xylylene diamine (136 mg, 1 mmol in
2 mL methanol) was added dropwise to a solution of
2-quinoline carboxaldehyde (314 mg, 2 mmol) prepared in
6 mL of CH30H, and stirred at 30 °C for 2 h. To this above
solution, an excess of NaBH, (3 equiv., 114 mg) was added step
wise at 0 °C, and stirred for 24 h at 30 °C. Upon evaporation of
solvent upon reduced pressure, the obtained residue was
washed with water and extracted into a chloroform layer.
To the organic layer anhydrous Na,SO, was added, filtered
and the desired product was obtained as a yellow solid by
evaporating the solvent under reduced pressure. Yield: 368 mg
(88%). M.P. 96 °C. '"H NMR (400 MHz, CDCl): 6 3.94 (s, 4H),
4.15 (s, 4H), 4.24 (s, 4H), 7.40 (s, 4H), 7.49 (d, J = 8.4 Hz, 2H),
7.53-7.72 (m, 4H), 7.83 (d, J = 8.2 Hz, 2H), 8.07 (d, J = 8.4 Hz,
2H), 8.13 (d, J = 8.4 Hz, 2H) ppm. >C NMR (100 MHz, CDCl,): 6
53.4, 55.1, 120.6, 126.0, 127.3, 127.6, 128.4, 129.0, 129.4, 136.4,
138.9, 147.7, 160.2 ppm. HRMS (ESI-TOF): m/z caled for [M +
HJ', 419.2191; found, 419.2220.
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Synthesis of N,N'-(1,4-phenylenebis(methylene))
bis(1-(pyridin-2-yl)-N-(quinolin-2-ylmethyl)methanamine)
(bgbpxn, 2)

314 mg (0.75 mmol) of H,bqxn was added along with 6 mL
water to a 25 mL RB flask. To this, 246.3 mg (1.5 mmol) of
2-picolyl chloride dissolved in 2 mL water was added dropwise,
followed by the addition of 4 equiv. NaOH (164 mg in 2 mL
water) in order to maintain the pH close to 12. The resulting
mixture was stirred for 24 h at 30 °C. The desired product was
extracted into a chloroform layer and then isolated as a tan
yellow solid by evaporating the solvent under reduced pressure.
Yield: 415 mg (92%). M.P. 110-112 °C. *H NMR (400 MHz,
CDCl,): 6 3.74 (s, 4H), 3.88 (s, 4H), 4.00 (s, 4H), 7.15 (t,] = 6.0 Hz,
2H), 7.40 (s, 4H), 7.51 (t, J = 8.0 Hz, 2H), 7.58 (d, 2H), 7.66-7.77
(m, 8H), 8.07 (d, J = 8.0 Hz, 2H), 8.15 (d, J = 8.6 Hz, 2H), 8.52
(d,J = 4.3 Hz, 2H) ppm. "*C NMR (100 MHz, CDCl;): § 58.4, 60.1,
60.7, 120.9, 122.0, 122.9, 126.1, 127.3, 127.5, 128.9 (2C),
129.4 (2C), 136.4, 137.6, 147.4, 148.9, 159.6, 160.4 ppm. HRMS
(ESI-TOF): m/z caled for [M + H]', 601.3035; found, 601.3010.

Fluorescence study for nitro-aromatics detection

To a quartz cuvette with a path length of 1 cm, containing 2 mL
of Milli-Q water, one milligram of finely ground samples of 1 or
2 was added and stirred at a constant rate to form a uniform
suspension. To the above dispersed solution of the samples in
water, each nitro explosive was added incrementally from a
1 mM stock solution (stock solutions of these without a
phenolic group were prepared in 9.5 mL water and 0.5 mL
methanol) and the corresponding photoluminescence spectral
responses were monitored by exciting at a wavelength of
340 nm. All experiments were performed three times and
consistent results were obtained.

Preparation of a test paper strip

A test paper strip was prepared by coating the fluorescent
samples on Whatman filter paper by immersing into an aqueous
suspension of the respective samples and dried in air.
These strips were used to detect nitro-analytes by dropcasting
a small volume of an aqueous solution of each of the nitro-
analytes (10 pL, 1 mM in water) onto the dried filter paper strips
coated with the samples.

Fluorescence study for metal-ion sensing

To a solution of 32 uM of 1 and 2 prepared in H,O: DMF (1:1)
solvent, different concentrations of metal ions such as Zn>",
Mn**, Fe**, Co**, Ni**, Cu®" and Cd** were added (0 to 64 uM to
1 and 0 to 96 pM to 2) and the corresponding emission
responses were monitored at Aey. = 340 nm.

Results and discussion
Synthesis and characterization

The two sensors 1 and 2 were synthesized by utilizing a
combination of Schiff base chemistry and nucleophilic substi-
tution in a two-step procedure in good yields of 90% and 92%,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 1 and 2: (i) CHsOH, stir, 30 °C, 6 h; (ii) NaBH4 (3 equiv.)/0 °C, stir, 30 °C, 24 h; (iii)

respectively (Scheme 2). The former step involves the reaction
of 2-quinoline carboxaldehyde with 1,4-diaminobutane and
p-xylylenediamine in 1 and 2, respectively, in a 2:1 ratio with
a subsequent reduction of the respective imine using sodium
borohydride to obtain the reduced Schiff base intermediate
H,bgbn and H,bqgxn, respectively. The latter step included the
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Fig. 1 Change in emission intensity % after addition of nitrobenzene to (a)
1 and (b) 2 in the presence of different solvents.
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bgbpxn (2)
H,0, NaOH (4 equiv.), pH = 12, stir, 30 °C, 24 h.

nucleophilic substitution reaction under strongly basic conditions
to introduce a methylpyridyl moiety at each methyl nitrogen atom
of the spacer. These two sensors were thoroughly characterized by
melting point (M.P.), high resolution mass spectrometry (HRMS),
NMR (*H and '*C), Fourier transform infra-red (FT-IR) and UV-vis
spectroscopy (Fig. S1-S15, ESIT). In the 'H spectra of 1 and 2, the
CH, groups attached to 2-pyridyl and quinoline appear as singlets
at 3.81/3.88 ppm and 3.94/4.00 ppm, respectively (Fig. S4 and S10,
ESIt). In the FT-IR spectra of 1 and 2, no residual peaks for the
functional groups CHO and NH were observed indicating purity of
the products (Fig. S13 and S14, ESIt). Furthermore, the HRMS
data exhibited the expected molecular ion peaks. It is noteworthy
to mention that the synthesis of 1 under ambient conditions in
H,O0 is much greener compared to that (reflux conditions in dry
CH;CN and under a dinitrogen atmosphere) used for a similar
compound L? (N,N'-bis(2-quinolinylmethyl}-N,N’-bis(2-pyridylmethyl)
propylendiamine), which was reported for metal ion sensing.*
On the other hand, few compounds containing only quinoline
moieties with an aliphatic cyclohexyl or methylene spacer
between two secondary amino nitrogens (reduced Schiff bases)
have been reported as fluorescent pH indicators.®*¥ Thus, the
design of 2 is different from these compounds, as it also
contains a Lewis basic pyridyl moiety acting as a recognition
site for NACs via H-bonding and an aromatic electron-rich
xylylene spacer between two alkyl nitrogens providing m-m
interaction with NACs.

Effect of solvents on emission spectra

To study the effect of solvents on the emission intensity of 1
and 2, their solid-state fluorescence spectra were recorded by
exciting at 340 nm (Fig. S16, ESIt). For 1, an emission was
observed at 428 nm while for 2, two broad peaks appeared at
449 nm and 553 nm with significantly low intensity for
self-quenching compared to 1. This depicts that the emission
in 2 is due to the formation of excimer resulting in
self-aggregation for which more broad and red-shifted peaks
are observed. This can be attributed to the presence of an
aromatic xylylene moiety, which is capable of forming n-n
interactions resulting in self-aggregation based quenching in

Mater. Adv., 2021, 2, 2334-2346 | 2337
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the solid state. By utilizing the solid-state fluorescent property
of 1 and 2, their sensing ability towards different solvents, such
as water (H,O), acetonitrile (CH;CN), ethanol (CH3;CH,OH),
methanol (CH3;O0H), chloroform (CHCl;), dimethylformamide
(DMF) and dimethylsulfoxide (DMSO) were analysed (Fig. S17,
ESIT). These two sensors were soluble in CH3;CN, CH3;CH,OH,
CH;0H, CHCIl;, DMF and DMSO but insoluble in H,O. In both
cases, maximum intensity was observed in H,O that can be
attributed to aggregation-induced emission. Compared to H,O,
the emission response in other solvents were observed at lower
intensity with red shifts that may be related to the solubility
difference of 1 and 2 in different solvents, leading to some
extent of quenching. Their quantum yields measured by
dispersing in water and in CH;CN solution are 0.044 (1) and
0.035 (2), and 0.0092 (1) and 0.0084 (2), respectively. Furthermore,
for demonstrating the aggregation-induced emission in the
presence of H,0, different volume fractions of water were added
to a fixed concentration of 1 and 2 in THF (32 uM) that resulted
in a proportional increase in intensity with the water content

(a) 1.8-
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Fig. 2 Effect on the emission spectra of (a) 1 and (b) 2 dispersed in Milli-Q
water (1 mg, 2 mL) upon incremental addition of TNP (1 mM) (lexc =
340 nm).
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(Fig. S18, ESIf). Moreover, for the effect of a nitro group
containing solvent in the presence of different solvents, namely
nitrobenzene (NB), 1 mL was added to the dispersed solution of
1 and 2 in water (1 mL). It was observed that the emission
intensity percentage decreased to a larger extent upon addition
of NB in both 1 and 2 (Fig. 1). This can be anticipated due to the
electron withdrawing nature of NB which interacts with the
electron-rich organic sensors.

Sensing of NACs

Motivated by the aforementioned results for solvents, particularly
nitrobenzene, fluorescence titration studies were carried out for
different NACs such as, 24,6-trinitrophenol (TNP), 24-
dinitrophenol (2,4-DNP), 4-nitrophenol (4-NP), 2,4,6-trinitro-
toluene (TNT), 2,6-dinitrotoluene (2,6-DNT), 2.4-dinitrotoluene
(2,4-DNT), 1,3-dinitrobenzene (1,3-DNB) and NB, owing to their
electron-deficient nature. For these experiments, water was
selected as the solvent medium and 1 mg of each of the sensors
were dispersed in 2 mL water (Milli-Q) in order to facilitate close
proximity between the sensors and NACs. The excitation spectra
of 1 and 2 dispersed in water were recorded and compared with
their respective solid-state diffuse-reflectance spectra (Fig. S19,

—
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Fig. 3 (a) Fluorescence quenching (%) of 1 and 2 dispersed in water (1 mg,
2 mL) by different NACs (200 pL, 1 mM). (b) Cuvette photographs of 1 and 2
before and after the addition of 200 pL of different analytes upon UV-light
illumination at 4 = 365 nm, where, A: TNP; B: 2,4-DNP; C: 4-NP; D: 2,4-
DNT; E: TNT; F: 2,6-DNT; G: 1,3-DNB; H: NB.
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ESIt). The excitation spectra have very similar shape but are
red-shifted due to the use of polar water as the solvent. To these
suspensions, NACs were gradually added from 1 mM stock
solutions (0-200 pL) and the emission intensities were monitored
at 429 nm and 427 nm, respectively, in 1 and 2 (Fig. 2 and
Fig. S20-S33, ESIt). Upon incremental addition of TNP, a large
bathochromic shift of 17 nm and 21 nm was observed followed by
a decrease in intensity in the emission spectra of 1 and 2,
respectively. This red shift in wavelength can be attributed to
either energy transfer or electrostatic interaction occurring
between the electron-rich sensors and the electron-deficient
TNP.”!

The incremental addition of different NACs (1 mM) up to
200 pL, has resulted in different extents of fluorescence
quenching (Zexc = 340 nm). The quenching efficiency percen-
tage was evaluated by using the equation: (I, — I)/I, X 100%,
where I, and I are the emission intensities of the sensors before
and after addition of the nitro-aromatics, respectively (Fig. 3a).
It was observed that for 200 pL (1 mM) addition of TNP, the
quenching % was 87% and 91%, for 1 and 2, respectively.
The distinct change in color particularly in the case of TNP was
also observed in 1 and 2 in the presence of different NACs after
irradiation with UV-light (4 = 365 nm) (Fig. 3b). This clearly
indicates that the semi-rigid spacer xylylene is playing a role in
increasing the interaction with the TNP.

Mechanism of action for TNP detection

To acquire better understanding about the principle behind the
selective detection of TNP, the possible quenching mechanisms
were investigated. First, the Stern-Volmer quenching constants
were evaluated by using the Stern-Volmer (SV) equation: I,/ =
1 + Ksy[A], where, I is the initial emission intensity without the
nitro-analyte, I is the emission intensity with the addition of the
nitro-analyte of molar concentration [A] and Kgy is the quenching
constant (Fig. 4). An upward bend curve was observed at higher
concentration with linearity at a lower concentration in the SV
plot for TNP and 2,4-DNP in 1 and 2 (Fig. S34-S37, ESI}).
This non-linearity can be allocated to self-absorption or an
energy transfer process between the sensor and analyte.*>% In
comparison, the SV plots for other analytes are almost a linear
curve, thereby suggesting that either static or dynamic quenching
is involved.”” For TNP, the Kgy values were found to be (3.55 =+
0.09) x 10" and (4.97 + 0.08) x 10* M, respectively in 1 and 2
(Fig. S38 and S39, ESIf). The detection limits of TNP were also
evaluated to be 1.2 ppm and 0.3 ppm in 1 and 2, respectively
(Fig. S40 and S41 and Tables S1-S2, ESIY).

On comparing the quenching in 1 and 2 (Table S3, ESIt), it is
found that they correlate well with the order of their acidity:
TNP > 2,4-DNP > 4-NP. These values are found in the order
of 3.55 x 10* M~ " (TNP) > 3.14 x 10* M~ " (2,4-DNP) > 1.90 x
10* M " (4-NP) in 1 and in the order of 4.97 x 10* M~ " (TNP) >
2.49 x 10* M (2,4-DNP) > 2.02 x 10* M~ ' (4-NP) in 2.
This can be ascribed to the availability of nitrogen atoms from
Lewis basic pyridyl and quinoline sites which are capable of
forming hydrogen bonding interactions with the acidic
hydroxyl groups of nitro-phenol derivatives, which is not

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

I/1-1

(b)

lo/1-1

Fig. 4 Stern—Volmer plots for different NACs in 1 (a) and 2 (b) dispersed in
water (1 mg, 2 mL).

possible in other NACs.?* It is also apparent from the Kgy values
for TNP that the extent of interaction in 2 is more compared to 1.
The detection limit for TNP (0.3 ppm) in 2 is found to be slightly
better than that of the reported quinoline-based probe, 2,5-
dimethylbis(quinolin-2-ylmethylene) benzene-1,4-diamine (DQB)
(0.34 ppm), possibly due to the extra Lewis basic pyridyl groups
in 2 (Table S4, ESIt).”* Also, the detection limit of 2 is higher and
comparable with other probes performed in water such as organic
probes: H,ATAIA (120 ppb),*” H,AMTAIA (0.8 ppm),*> H,DMTAIA
(1.2 ppm)** and naphthalene-based compound 1 (3.48 ppm)™
and MOF based probes: [Zn(NDC)H,O)], (0.23 ppm) and
[CA(NDC)(H,0)], (0.92 ppm), {[Zng(ad),(BPDC)sO-2Me,NH,]-G},,
(0.2 ppm) and UiO-68-NH, (0.4 ppm), etc.*>™*° The Kgy values of
1 and 2 are higher than other reported organic probes such as probes
tagged with naphthalene (3.43 x 10> M ' and 2.69 x 10* M~ 1)***
benzimidazole (1.58 x 10* M™"),*” anthracene (1.77 x 10* M ')'
and fluorescein (2.10 x 10* M~")*' and comparable with that of
other anthracene (8.08 x 10* M™' and 7 x 10" M !)*>%?
fluorene (3.90 x 10* M "' and MOF probes such as
[Tb(BTC)], (3.9 x 10* M ),** {Zr,O,(OH)4(L)e} (2.9 x 10* M~ ),*
[CA(NDC),5(PCA)], (3.9 x 10* M~ 1)* and TB-Zn-CP (4.37 x
10" M~1)* based sensors (Table S4, ESI{). On comparing the
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detection limits with the two sensors recently reported by our
group,® it was observed that the sensing ability is improved
by the variation of the spacer and increasing Lewis basic
nitrogen sites. In addition, the Kgy value of 1 is higher than
its naphthalene analogue (3.26 x 10* M~ ").°*> To further intro-
spect into the sensing mechanism, the extent of spectral
overlap between the absorbance spectra of the NACs
(0.03 mM) and the emission spectra of 1 and 2 was analysed.
The larger extent of overlap signifies greater quenching
efficiencies of NACs, and in both cases more overlap was
observed in the case of TNP followed by 2,4-DNP and 4-NP
with no overlap for other nitro-analytes (Fig. 5). This confirms
that resonance energy transfer (a long-range phenomenon) is
occurring from the electron-rich sensors to the electron
deficient acidic nitro-phenol derivatives with the subsequent
drastic increase in the quenching efficiency. Furthermore, spec-
tral overlap integral values were calculated in 1 and 2 with TNP,”?
and were found to be 2.35 x 10'* and 2.48 x 10" M ' cm ™" nm*
for 1 and 2, respectively. This demonstrates that there is
slightly more resonance energy transfer in 2 compared to 1,
as predicted due to the presence of xylylene spacer in 2.
Furthermore, due to spectral overlap, the IFE can also exist to
some extent and contribute to the quenching process. There are
reports in the past where the correction factor for IFE is
described for solution systems.”® In recent times, this effect
has been utilized as one of the sensing tools in which due to
absorbance changes of the absorber translate exponentially
into fluorescence intensity changes that results in a better
sensitivity of this method compared to other methods.”
However, these effects do not strongly dictate the greater Ksv
value and better detection limit in 2.

This prompted us to calculate the HOMO-LUMO energies of
1, 2 and NACs using density functional theory (DFT) with the
B3LYP/6-31G+(d,p) basis set and the Gaussian 09 package
program.”” The energy-minimized structures for 1 and 2 were
determined using this program as shown in Fig. S42 (ESIY).
The distance between the alkyl nitrogen atoms connecting the
methylene groups in 1 and xylylene group in 2 is 6.338 and

—NB
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0.7 -.
0.6 :~
0.5 —.
0]

0.3 4

Normalized Intensity

0.2 4

0.1+

0.0 -

— T T T T

210 240 270 300 330 360 390 420 450 480 510 540 570 600
Wavelength (nm)

Fig. 5 Spectral overlap of absorption spectra of different NACs and
emission spectra of 1 and 2 dispersed in water.
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7.609 A, respectively, which reflects the effect of the semi-rigid
xylylene spacer preventing the molecule shrinking.

In principle, the analyte possessing lower energy of the
LUMO has a greater probability of getting an electron trans-
ferred from the excited state of the fluorophore and thereby
leading to fluorescence quenching (Fig. 6a).* The HOMO-
LUMO energy gaps shown in Fig. S43 and Table S5 (ESIt)
depicts that the LUMO of TNP is lower than that of the other
nitro-analytes, making it a target analyte for better sensing.

(a)

Reduced
Analyte

Excited
Sensor

Quenched
Sensor

Analyte

(b)

BEY i'-'{;ec. & .

1 Lumo

2 ATtV LUMO —-1.96 eV
J :8\‘.
-3 4 o0
4] LUMO —— -3.89 eV
S
C
> 54
9 4
g 54 Homo 4 6.04ev Homo4--5.95 ev
w4 & N
7] W gy
B R DY -
] Homo H- .24 ev TR,
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H-bonding
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ii)

H-bonding
interaction

Fig. 6 (a) Schematic illustration of the quenching mechanism via photo-
induced electron transfer. (b) Calculated energy diagram with the HOMO-
LUMO energies of 1, 2 and TNP. (c) Possible mechanism of TNP sensing in
(i) 1 and (ii) 2.
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Also, it is noteworthy to observe that the LUMO of 2 is lower in
energy compared to 1 (Fig. 6b). This vividly shows that upon
excitation of an electron from the HOMO to the LUMO of 2 it
can result in electron transfer more easily to the LUMO of TNP.
Therefore, it can be determined that the electron transfer has a
more profound effect compared to energy transfer during the
sensing of TNP due to the presence of an electron rich xylylene
spacer in 2 compared to an aliphatic flexible tetra-methylene
spacer in 1 (Fig. 6¢). Moreover, to validate the proposed
mechanism, calculations were performed to understand the
interaction between 1 or 2 and TNP using the DMol3 module of
the Material Studio program.”® Different optimized structures
are shown in Fig. 7. It is observed that both pyridyl and
quinoline nitrogens are capable of forming H-bonding interac-
tions with the hydroxyl group of TNP in 1 and 2 (Fig. 7a and b,
respectively). The N---H-O distances were found to be in the
range of 2.2 to 2.95 A and the H-bonding is more predominant
with pyridine N compared to quinoline N. In addition, the
quinoline and the xylylene moieties in 2 also efficiently
participate in the n-n interaction with the phenyl ring of TNP
(3.462 and 3.507 A) as shown in Fig. 7c. These data correlate
well with the possible mechanism as stated above, where the
strong m-7 interaction with quinoline/xylylene and TNP adduct
leads to intermolecular charge transfer, which results in further

Fig. 7 Different interactions observed in 1 (a) and 2 (b and c) calculated by
the DMol3 module.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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red-shifting of the emission maximum for 2.”°? Furthermore,
any other contribution, such as IFE, to the quenching process
can be very minor for the use of the very low concentration of
the sensors (1 mg solid dispersed in 2 mL water) used in this
study; no quantification of this minor contribution was made
as it is also not practical for solid probes dispersed in a solvent,
and it is not easy to find a nonaromatic species for a control
experiment that has the same absorption at the excitation
wavelength as TNP but will not interact with the sensors
containing aromatic moieties.”*

Time-resolved lifetime measurements. To further understand
the mechanism of quenching in 1 and 2, their lifetime decay
profiles were recorded before and after the addition of TNP
(Fig. 8). In both cases, the average lifetime was calculated using
the formula:

(1) = (951'512 + oy, + “3732)/(“1"51 + 0Ty + 0373)

where, (1) is the average lifetime and o is the pre-exponential
factor with subscripts 1, 2 and 3 representing various species.
Based on these data, the average lifetimes for 1 were 5.41 ns
(before the TNP addition), 5.28 ns (after 20 uL TNP addition),
4.19 ns (after 40 pL TNP addition) and 3.02 ns (after 200 uL. TNP
addition), whereas for 2 the values were 5.05 ns (before the TNP
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Fig. 8 Lifetime decay profiles of 1 (a) and 2 (b) before and after the
addition of TNP.
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addition), 4.60 ns (after 20 uL. TNP addition), 4.37 ns (after
40 pL TNP addition) and 3.29 ns (after 200 pL TNP addition)
(Fig. 8 and Table S6, ESIf). The quenching rate constant (K)
values were also found to be 6.56 x 10'*and 9.84 x 10> M~ s},
respectively, for 1 and 2 wusing the following equation:
Ky = Ksv/(1), where Kgy is the quenching constant and (r) is the
average lifetime of the sensor. () shows that in the case of 1,
initially there is very little change in lifetime after addition of
20 pL of TNP followed by a substantial decrease in lifetime with
40 L and 200 plL addition of TNP, indicating static quenching”>
at lower concentrations and dynamic quenching at higher con-
centrations. On the other hand, in 2 there is a considerable
decrease in lifetime from lower to higher concentrations with
the addition of TNP demonstrating dominance of dynamic
quenching throughout the process.”” This also corroborates well
with the aforementioned results and explains that there is more
electron transfer in 2 compared to 1, further justifying the role of
the semi-rigid xylylene spacer.

Selectivity, stability and recyclability test. To investigate the
competitive behavior of TNP in the presence of other nitro-
analyte congeners, the selectivity test was performed for 1 and
2. In a typical fluorescence experiment, the emission intensity
of sensors (1 mg dispersed in 2 mL water) was recorded before
and after the addition of 100 pL of a particular NAC followed by
the addition of 100 pL of TNP (1 mM, H,0). A moderate to
slight change in emission intensity of 1 and 2 was observed for
other NACs, while a significant and noteworthy decrease in
intensity took place after the addition of TNP. These results
reassured TNP selectivity over other non-phenolic NACs even at
higher concentrations (Fig. 9).

The hydrolytic and chemical stability of 1 and 2 in water and
acidic TNP, respectively, were confirmed by PXRD and FESEM.
For these studies, about 15 mg of each sample was immersed in
2 mL of water or aqueous TNP solution for 3 days, filtered and
washed rigorously with water. Comparing the PXRD patterns of
these treated samples with that of the pristine samples confirmed
the structural integrity in both cases even after such exposure
as shown in Fig. S44 (ESIY). In addition, field-emission scanning
electron microscopy (FE-SEM) was also utilized, indicating no
morphological changes before and after soaking in an aqueous
solution of TNP (1 mM) (Fig. S45, ESIf). Furthermore, the
recyclability test was performed by recovering 1 and 2 after every
fluorescence experiment by centrifugation and washing with
water several times. These were then again used for quenching
experiments of TNP for up to five cycles that showed the
retention of their fluorescence intensity and quenching ability
without much loss of sensitivity (Fig. S46, ESIt).

On-site detection of TNP for practical applications. The
detection of TNP in the solid state was performed for in-field
applications. For this purpose, test paper strips were prepared
by encrusting the sensors dispersed in water on Whatman filter
paper. These test strips also showed strong emission in the blue
region upon excitation at 365 nm under UV light. After drop
casting a small amount of each NAC as a spot on these test
strips, a recognizable change was observed for TNP only as a
dark color and adequate darkening took place in the presence
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Fig. 9 Bar diagrams of the fluorescence intensity (%) of 1 (a) and 2 (b) in
the absence and presence of NACs separately followed by the addition of
the same amount of TNP. Blue bars represent the suspension of compounds
in water, red bars represent the addition of various nitroanalytes to the
suspension of the pristine (compound + nitro-analytes), and green bars repre-
sent the subsequent addition of TNP (100 pL, 1 mM) to the abovementioned
suspensions (compound + nitro-analytes + TNP); from left to right (i) 2,4-DNP,
(i) 4-NP, (iii) TNT, (iv) 2,6-DNT, (v) 2,4-DNT, (vi) 1, 3-DNB, and (vii) NB.

of 2,4-DNP and 4-NP, whereas other NACs showed an insignificant
change (Fig. 10a). This showed that TNP can be discriminated
from other NACs for on-site detection. Inspired from these results,
different concentrations of TNP were added to the test strips
coated with 1 and 2 (10 pL each, 10~ ® to 10~* M), that led to the
incremental darkening of spots with the increase in concentration
of TNP upon UV illumination at 365 nm (Fig. 10b). Also, it is
noteworthy to observe that in 1 appreciable darkening occurs at a
concentration of 10~ * M whereas in 2 initial darkening takes place
even at a concentration of 10~ ¢ M, corroborating with the better

(a)

| -
1 TNP §2,4-DNP 4-NP TNT 2,6-DNT §2,4-DNT J1,3-DNB
2,4-DNP 2,6-0NT]2.4-DNT §1.3-DNB n/

] (o . |
. L)

Fig. 10 (a) Paper strips encrusted with 1 (top) and 2 (bottom) and their
respectlve visualisation in the presence of different NACs under UV light
(2 = 365 nm). (b) Photographs of paper strips coated with 1 (top) and 2
(bottom) with increasing concentration of TNP (1078 to 1073 M).

(b)
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Fig. 11 Bar plot for relative emission intensities of 1 and 2 in the presence
of one and two equivalents of metal ions in DMF: H,O (1: 1), respectively.

detection limit in 2 compared to 1. This study demonstrated
that 1 and 2 have high sensitivity towards TNP for practical
applications via visual detection with the naked eye. These results
are highly comparable and better than previously reported TNP
sensor-based systems,®47%30:77

Sensing of metal ions

Several quinoline based probes are reported in the literature for
metal jon sensing.®*”®® Based on this information and the
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presence of six N-donor sites in 1 and 2 for chelation with the
metal centers, the effect of flexible vs. semi-rigid spacers is
further established through sensing of metal ions by
fluorescence spectroscopy (excited at 340 nm and monitored
at 410 and 419 nm, respectively). Compared to other metal ions,
1 and 2 exhibited fluorescence enhancements toward Zn>*
followed by Cd*>" due to chelation-enhanced fluorescence of
closed-shell d'® metals which diminishes the PET process
(Fig. 11).%*¢ The binding affinity Zn** with N centres of pyridine
and quinoline is much more favourable compared to Cd** and
indicates a much higher selectivity of 1 and 2 for Zn>* over the
other metal ions.®*” Due to steric hindrance for the larger ionic
radii of Cd*', it may lead to quenching in the presence of
enhanced emission of Zn>" via electron or energy transfer. This
has been observed in other similar reported quinoline-based
probes.t45"

Focusing on the Zn** ion, the sensitivity of 1 and 2 (32 uM,
1:1 H,O:DMF) was established by titration experiments
(Fig. 12a and b). Upon the addition of 0.0025 equivalent of
Zn** (5 ppb) to 1, the intensity was enhanced by 5.2%, whereas
0.005 equivalent (10 ppb) of Zn>" for 2 enhanced the intensity
by 3.5%. These detection limits for 1 and 2 are among the best
reported for other similar sensors and are significantly lower
than environmental allowance.”® The gradual increase in
fluorescence intensity was observed for up to one equivalent
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Fig. 12 Emission spectra of (a) 1 and (b) 2 (32 pM) in DMF : H,O (1: 1) with an increase in concentration of Zn* ranging from 0 to 64 uM and 0 to 96 pM,
respectively (Zexc = 340 nm). Schematic representation of 1:1 and 1:2 complex formation in the presence of one and two equivalents of Zn?* ion for

1 (c) and 2 (d), respectively.
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of Zn>" ions for 1 and two equivalents of Zn>" ions for 2. Further
addition of Zn>" to 1 or 2 (up to two or three equivalents,
respectively) did not change the intensity appreciably. This can
be corroborated with the formation of a 1:1 adduct for 1
(Fig. 12c), which is also proposed®” for a similar fluorescent
sensor L. In the case of 2, a 1:2 adduct is formed (Fig. 12d).
This can be attributed to the presence of the semi-rigid xylylene
moiety that does not allow the six N-donor sites to span around
the Zn center, which is possible in 1 due to the presence of
a flexible tetra-methylene chain. Also, the turn-on efficiency
of 1 was better compared to 2 due to (i) the faster zinc
complexation rate of 1 for the presence of flexible tetra-
methylene moiety and (ii) the aggregation of xylylene moiety
after complex formation, which is absent in 1.

Conclusions

In summary, two new sensors based on quinoline and pyridyl
groups with a variation in spacer from tetra-methylene in 1 to
xylylene in 2 have been successfully developed and synthesized
under ambient reaction conditions. Both have high selectivity
towards nitro-phenolic compounds, particularly high sensitivity
towards TNP with the detection limits of 1.2 ppm and 0.3 ppm,
respectively in 1 and 2. By the utilization of various techniques it is
evident that PET, energy transfer, IFE and electrostatic interactions
play important roles in the sensing of TNP. However, PET has a
superior effect in 2 due to the presence of a semi-rigid xylylene
spacer which is not possible in 1 because of the presence of a
flexible tetra-methylene chain. For this effect, a better detection
limit and quenching constant is obtained for TNP in 2. Both 1 and
2 exhibited competitive selectivity in the presence of other NACs.
Their stability in water and after immersing in TNP was confirmed
by PXRD and FESEM, respectively. For on-site detection of TNP,
test paper strips were prepared encrusted with 1 and 2, revealing
that these are capable for practical application via visual imaging
and are promising candidates for pollution control. Also, the metal
ion sensing experiments reveal that the emission intensity of
1 and 2 was selectivity enhanced by Zn>" ions compared to other
metal ions, resulting into the formation of 1:1 and 1:2 adducts,
respectively. This further confirmed the effect of the flexible
tetra-methylene chain in 1 and semi-rigid xylylene moiety in 2.
Further developments for designing potential probes with better
efficacies and sensitivity are in progress in our laboratory.
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