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Triphenylamine-based dicyano fluorophore for the
selective detection of hydrazine vapor using
cellulose acetate nanofibrous sheetf
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A novel triphenylamine-based dicyano fluorophore (compound 2) was successfully synthesized using
a Suzuki cross-coupling reaction, followed by a Knoevenagel condensation catalyzed with baker's yeast.
Later, compound 2 was combined with the hydrazine vapor of an electrospun nanofiber sheet,
depending on its solid condition. In addition, the electrospinning technique was used to create
a nanofiber sheet made of cellulose acetate (CA) combined with compound 2. The resulting sheet had
an average diameter of 250 + 41 nm. The nanofiber sheet had a remarkable ability to detect and
respond to hydrazine vapor in an aqueous solution. The concentration range of 0-0.08% w/v was
accurately determined by analyzing fluorescence images using Imaged software. The mechanism was
confirmed by conducting a 'H-NMR titration. The probe could function effectively across various pH
levels from 4 to 11. It also provided an impressive detection limit as low as 0.005% (w/v). In addition, it
showed high selectivity for hydrazine among 36 common interferents. Through careful analysis, it was
discovered that the nanofibrous mat could detect and identify hydrazine. This was achieved through
a visual detection method, whereby the mat exhibited a fluorescence turn-off effect when exposed to
UV light with a wavelength of 365 nm. Thus, using a nanofibrous mat is a highly effective and
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Introduction

Hydrazine (N,H,) is an essential fundamental component in the
fine chemical sector, serving as a critical component for
producing pharmaceuticals, insecticides, petroleum, catalysts,
reducing agents, pharmaceutical raw materials, jet engine fuels,
and rocket fuels.'” Despite its significant economic signifi-
cance, the profound toxicity of hydrazine results in irreversible
harm to both humans and the environment.*” Extended expo-
sure to hydrazine may induce irritation of the nasal and respi-
ratory tracts, potentially resulting in the manifestation of
symptoms, including vertigo, migraine, nausea, hepatotoxicity,
and potentially coma.®**° Hydrazine has recently been identified
as a probable carcinogen, as established by the US-EPA at a level
of 10 parts per billion (ppb) or 0.31 uM."* Therefore, developing
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appropriate technique for detecting hydrazine vapor in water in various environments and industries.

an effective and sensitive method for detecting trace amounts of
hydrazine is critical.

Several conventional techniques, including chromatography/
mass spectrometry,* electrocatalysis™ and chem-
iluminescence,'">*> are presently employed to detect N,H,.
Nevertheless, these methods are limited in their capacity to
perform biological imaging or analysis in real-time, necessitating
complex methodologies, costly apparatus, and extended moni-
toring.'*"” In contrast to these approaches, fluorescent sensors
are attracting increasing interest due to their simplicity, cost-
effectiveness, adaptability, and non-intrusive characteristics.
Furthermore, these sensors provide the significant advantages of
real-time and in situ analysis.’* As of now, a wide range of flu-
orophores have been established with the explicit intention of
detecting hydrazine. Many different kinds of functional groups,
such as acetate,”** 4-bromobutyrate,* 1,4-cyclohexadiene ring,**
ethyl cyanoacetate,”** phthalimide,***” salicylaldehyde,*** the B-
diketone group® and malononitrile,*** have been utilized to
recognize hydrazine. The adaptability and availability of malo-
nonitrile for hydrazine recognition offer significant benefits. The
strong electron-withdrawing group of the nitrile group enhances
the malononitrile unit's hydrazine identification efficiency and
selectivity. By facilitating activation of the adjacent C=C bond,
this group exposes the adjacent C=C bond to nucleophilic
addition and subsequent N,H, elimination.
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Chemical reaction of the malononitrile unit to N,H,
produces hydrazone. The presence of hydrazone causes
disturbances in the intramolecular charge-transfer (ICT)
mechanism, resulting in variations in optical signals, spanning
from a red- to blue-shift.*> Malononitrile-based probes also
allow a straightforward design, which enhances their versatility
and enables their use in a wide range of applications.**?*
Ongoing research on the design of fluorescence probes is ex-
pected to increase their performance, thereby broadening their
technological and scientific applicability. It is essential to
highlight, however, that most fluorophores were investigated in
the past in solution systems, and required the use of hazardous
organic solvents in water media, because most the organic
fluorescent probes were quenched in an aqueous solution or in
the solid state through an aggregation-caused quenching (ACQ)
effect. However, electrospun nanofibers can effectively solve the
ACQ issue.** Electrospinning is a technique used to produce
nanofibers from various polymers using a high-voltage electric
field to draw charged threads of polymer solutions into thin
fibers. Incorporating probes into electrospun nanofibers can
provide a more dispersed and stable state when applied to
fluorescent probes.>*3>"%7

Electrospinning, a method that generates nanofibers directly
from various polymers and composite materials by employing
high voltage, is an adaptable and fundamental process.*®** As
a result of their inherently high surface-to-volume ratio, nano-
fibers are highly suitable for use as scaffolds in sensor
applications.**** The present inquiry revolves around the utili-
zation of electrospinning to generate a novel triphenylamine-
based dicyano fluorophore, henceforth denoted as compound
2, which is then mixed with cellulose acetate (CA) to precisely
engineer a sensor probe to selectively detect hydrazine in its
vapor phase. Compound 2, comprising a malononitrile group
functioning as a hydrazine probe, was specially designed and
efficiently synthesized with this specific aim in mind. Addition-
ally, triphenylamine was utilized as the fluorophore and as an
electron-donating group to enhance the ICT process. The
substrate CA was chosen because of its non-toxic nature and
biodegradability, as shown in previous scientific investigations of
the electrospinning-based production of nanofibrous materials.**

The present study aimed to achieve substantial progress in
hydrazine detection by employing a comprehensive method-
ology to fabricate nanofibrous materials via electrospinning.
Compound 2, combined with an electrospun nanofiber sheet
provides numerous advantages, including orange emission
stability across a broad pH range, high selectivity and sensi-
tivity, and a significant Stokes shift. The nanofiber sheets were
tested for qualitative hydrazine detection in actual water
samples, whereby by using a smartphone, standard curves were
plotted that enabled the accurate quantification of hydrazine in
real water samples.

Experimental
Materials and solvents

4-(Diphenylamino)phenylboronic acid and 4-bromobenzalde-
hyde were obtained from Tokyo Chemical Industry (TCI).
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Cellulose acetate powder, tetrakis(triphenylphosphine)palla-
dium(0), malononitrile, and hydrazine monohydrate (99%)
were purchased from Sigma-Aldrich. High-quality solvents of
analytical reagent grade, including diethyl ether, tetrahydro-
furan (THF), dimethylsulfoxide (DMSO), dimethylformamide
(DMF), acetone, chloroform, ethanol (EtOH), methanol
(MeOH), and acetonitrile (MeCN), were purchased from RCI
Labscan. The extra reagents were obtained from Sigma-Aldrich,
Merck, or RCI Labscan without specific selection criteria and
were not further purified unless otherwise specified. All the
reactions were conducted in a nitrogen environment. Addi-
tionally, reaction progress was monitored by F254 thin-layer
chromatography (TLC), and the components were visualized
under UV light (365 nm). Commercial-grade solvents, including
hexane, dichloromethane (DCM), and ethyl acetate (EtOAc),
were distilled before extraction and the chromatography
experiments. All the liquid solutions were made using pure
Type II water.

Analytical instruments

NMR spectra for the dicyano derivative based on triphenyl-
amine were obtained using a Bruker Avance III HD spectrom-
eter set to 400 MHz for the 'H-NMR and 100 MHz for the *C-
NMR analyses. Tetramethylsilane was utilized as the internal
reference. The number of absorption signals in the "H-NMR
spectra was categorized as follows: s/singlet; d/doublet; t/
triplet; sd/singlet of doublet; dd/doublet of doublet; dt/
doublet of triplet; td/triplet of doublet; tt/triplet of triplets; m/
multiplet. Infrared spectroscopy using KBr pellets was per-
formed on a Nicolet 8700 instrument (Thermo Fisher Scien-
tific).  High-resolution  electrospray ionization  mass
spectroscopy (HRMS) was performed utilizing a Bruker MaXis
instrument with ethyl acetate as the solvent in the positive
ionization mode. Melting points were measured using
a Thomas Hoover capillary instrument, and no adjustments
were made to the obtained values. Fluorescent spectra were
measured using a Hitachi F-2500 fluorescence spectrophotom-
eter. UV-vis absorption spectra were obtained using a Perki-
nElmer Ltd Lambda 35/dias 300 UV-vis spectrophotometer. The
morphology of the electrospun nanofibrous sheets was analyzed
using a JSM-6301F SEM analyzer (JEOL).

Synthesis of compound 1

4-(Diphenylamino)phenylboronic acid (1.0144 g, 4.06 mmol)
was mixed with 4-bromobenzaldehyde (0.8260 g, 4.505 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.6072 g, 0.63
mmol), and potassium carbonate (1.089 g, 7.75 mmol) in
a solution containing 30 mL of tetrahydrofuran and 3 mL of DI
water. After stirring for 12 h at 70 °C under nitrogen gas, the
mixture was treated with 1 M hydrochloric acid (40 mL) and
then extracted with ethyl acetate (2 x 30 mL) and deionized
water (50 mL). The organic layer was separated and dehydrated
using anhydrous sodium sulfate. The solvent was evaporated
and purified using a silica gel column by changing the pure
hexane to a mixture of hexane/CH,Cl, (3/2) to obtain compound
1 (0.4585 g, 72% yield). "H-NMR (400 MHz, CDCl;) 6 10.03 (1H,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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s), 7.93 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 7.52 (d, ] =
8.0 Hz, 2H), 7.31-7.26 (m, 4H), 7.16-7.14 (m, 6H), 7.09-7.05 (m,
2H).1

Synthesis of compound 2

Compound 1 (0.5015 g, 1.4 mmol) and malononitrile (0.1822 g,
2.9 mmol) were mixed in 20 mL of ethanol, and 500 mg of
baker's yeast was added as a catalyst. After 4 h stirring at
ambient temperature, the reaction mixture was filtered with
Celite to eliminate the yeast following the specified reaction
time. Ethanol was isolated from the filtrate using vacuum
distillation and further refined by crystallization. Compound 2
was obtained by purifying the product, resulting in 0.4734 mg of
the final product 2 with an 85% yield. "H-NMR (400 MHz,
CDCl3) 6 7.96 (d, J = 8.0 Hz, 2H), 7.75 (s, 1H), 7.73 (2H, m), 7.52
(d, J = 8.0 Hz, 2H), 7.32-7.28 (m, 4H), 7.17-7.07 (m, 8H); “*C-
NMR (100 MHz, CDCl;) 6 159.05, 149.03, 147.13, 146.84,
131.54, 129.48, 129.17, 127.93, 127.08, 125.17, 123.81, 122.66,
114.12, 113.01; HRMS (ESI): m/z [M + H]" caled. For: CygH,oN3:
398.1652, found: 398.1641.

Investigation of the photophysical characteristics of
compound 2 in solvents with various polarities

The stock solution (1 mM) of compound 2 was dissolved in
solvents of varying polarity, including hexane, diethyl ether,
CHCI;, EtOAc, THF, CH;CN, DMSO, ethanol, and methanol, to
a give a final concentration of 10 uM, and were then allowed to
stand for 10 min at room temperature. The solutions were then
subjected to UV-vis absorption analysis from 270 nm to 700 nm,
and fluorescent spectroscopy analysis from 450 nm to 800 nm
using the highest absorption wavelength as the excitation
wavelength.>®

Optical spectra of compound 2 following reaction with
hydrazine

Compound 2 (1 mM) was dissolved in DMSO to create a stock
solution. Dilution was carried out on several samples of
compound 2, each produced separately with or without the
hydrazine solution in DSMO to give a final concentration of 10
uM, and the samples were then allowed to stand for 10 min at
room temperature. The samples were then subjected to UV-vis
absorption analysis from 270 nm to 700 nm. Also, the fluores-
cence spectra were measured from 380 nm to 800 nm with the
excitation wavelength set at the maximum absorption wave-
length.”® All the experiments were conducted in triplicate to
ensure reliability and consistency of the results.

Theoretical calculations

The molecular geometry in its lowest energy state was optimized
using density functional theory (DFT) and Gaussian 09W soft-
ware, using the B3LYP/6-31 G(d,p) basis set. GaussView 6.0 was
used to represent the molecular orbitals graphically, offering
a thorough insight into the electronic arrangement and distri-
bution inside the optimized molecular structure.*>**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of a nanofibrous sheet of compound 2

Compound 2 at a concentration of 0.01% w/v was dissolved in
a solution containing 1% v/v Tween 80 and a combination of
acetone and DMF in a 2:1 ratio at room temperature. CA
powder at a 17% weight/volume was added and the solution was
then agitated for 1 h until the polymer solution became
homogeneous. The compound 2-CA polymer solution was
injected into a syringe with a needle for the electrospinning
process. The specific parameters were as follows: electric voltage
of 17 kV, solution feed rate of 2 mL per hour, and needle tip
positioned 12 cm away from the collector wheel. After electro-
spinning, nanofiber sheets of compound 2 were taken from the
collector wheel and put in a vacuum oven at 60 °C for 6 h to
remove any residual solvent. Gold layers were added to the
nanofibrous sheet by sputter-coating. The particle shape was
then studied with a JEOL (JSM-6301F) SEM machine set to an
accelerating voltage of 20 kv.>*37%

Hydrazine vapor quantitative detection by the nanofibrous
sheet of compound 2

Fluorescent images were obtained to analyze the change in
fluorescent intensity of compound 2 after exposure of the
nanofibrous sheets (cut into pieces measuring 2.0 cm by 2.0 cm)
to hydrazine vapor to determine the hydrazine concentration in
a particular phase. The images of compound 2's nanofibrous
sheets were captured using a portable UV lamp stimulated at
a wavelength of 365 nm before exposure to hydrazine vapor.
Then, the sheets were placed over the fixed-volume hydrazine
vials for 6 min. The fixed-volume vials contained hydrazine
solutions with different concentrations (0, 0.01, 0.02, 0.04, 0.06,
and 0.08% w/v), which were prepared 30 min before use to
generate saturated-hydrazine in the vials. Subsequently, further
were captured using the same portable UV light operating at an
excitation wavelength of 365 nm. The photos were taken using
the Pro Camera app on an iPhone, and were taken with the
lowest ISO and medium white balance settings. The program
version 1.48 of the picture software was used to transform the
digital color data in the digital photos into grayscale. A corre-
lation was established between the hydrazine concentration in
the water solution and the ratio of the grayscale values obtained
from the fluorescent image intensities before (I,) and after (1)
exposure to hydrazine vapor. All the experiments were con-
ducted in triplicate to ensure the reliability and consistency of
the results.

Selective and competitive studies of the compound 2
nanofibrous sheets

Images of the nanofibrous sheets of compound 2 were taken
before and after exposure to different analytes (0.08% w/v) and
hydrazine (0.08% w/v) using a portable UV lamp with an exci-
tation of 365 nm for 6 min at room temperature. Image]J version
1.48 software was used to transform the digital color data from
the photographs into grayscale. The correlation between the
grayscale value of the different fluorescent image intensities (I-
Iy) before (I,) and after (I) exposure to various analytes was

RSC Adv, 2024, 14, 37311-37321 | 37313
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plotted graphically. For the selectivity determination, solutions
of various analytes were used, including metal ions and
different chemical compounds (K(1), Na(1), Mg(u), Ca(u), Cu(u),
Zn(u), Al(m), Fe(m), F, ClI", Br-, I, NO;~, HPO,>, SO,>",
acetone, DMF, aniline, chlorobenzene, DMSO, hexane, IPA,
methanol, N,N-diethylaniline, TEA, N,N-dimethylformamide,
NH,OH, N-methylaniline, THF, DI water, EtOH, fluorobenzene,
ethylene glycol, H,0,, iso-propanol, and AcOH).

Hydrazine detection through compound 2 utilizing "H-NMR
titration

"H-NMR titration was used to study the reaction progress
between compound 2 and hydrazine. Stock solutions of
compound 2 at a concentration of 20 mM were first dissolved in
DMSO-de. Each sample was diluted to obtain several samples of
compound 2 (2 mM), each with varying quantities of hydrazine
(0 and 2.0 equiv.) in DMSO-de, synthesized separately. The
samples were concentrated to a final concentration of 5 mM and
then left to stand for 4 min at room temperature. The data were
analyzed using '"H-NMR spectroscopy, and the spectra were
merged into a stacked plot using Mnova software.

Real sample detection

Real sample analyses were performed with wastewater, river
water, tap water, drinking water, and Agaricus bisporus mush-
rooms. River water, industrial and military pollutants, and
potential byproducts from disinfection processes and distribu-
tion networks can all contaminate tap water. Hydrazine, which
is commonly utilized for eliminating halogens in wastewater
treatment, can contaminate drinking water sources affected by
wastewater or the effluents of wastewater treatment plants. For
these sample tests, a nanofibrous sheet of compound 2 was
fumigated using tap water and concentrations of standard
hydrazine solution (0.070% w/v). Images of compound 2's
nanofibrous sheet were taken before and after exposure to
different materials using a portable UV lamp emitting light at
356 nm for 6 minutes at room temperature. Image]J version 1.48
was used to convert the digital color data in the digital pictures
to grayscale. All the experiments were conducted in triplicate to
ensure the reliability and consistency of the results. Finally, the
relative standard deviation (RSD%) and recovery percentages
were computed.

Results and discussion
Design and characterization of compound 2

Compound 2 consists of triphenylamine, benzene and malo-
nonitrile moieties. Triphenylamine acts as a donor (D) group,
which has three benzenes around the central nitrogen atom and
is a non-planar propeller structure. Owing to its non-planarity, it
prevents aggregation-caused quenching (ACQ) and gives
a strong fluorescent emission. Benzene connects the triphe-
nylamine and malononitrile moieties and acts as a bridge ().
Malononitrile has two dicyano groups that are electron-
withdrawing groups; the resulting malononitrile acts as an
acceptor (A) for hydrazine at the C=C bond, which then
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changes to hydrazone. These show that compound 2 was
designed via a D-1t-A concept.

Compound 2 was synthesized in two steps using a Suzuki
cross-coupling reaction and baker's yeast to help the Knoeve-
nagel condensation. First, 4-(diphenylamine)phenylboronic
acid and 4-bromobenzaldehyde were reacted via a Suzuki cross-
coupling reaction to generate compound 1 (72%). Next, the
compound 1 and malononitrile were mixed with baker's yeast,
which produced compound 2 in a good yield (85%) via a Knoe-
venagel condensation, as shown in Scheme 1. All the structures
were confirmed by their "H-NMR, *C-NMR, and HRMS spectra,
as shown in Fig. S1-S4.}

Photophysical properties of compound 2 in various solvents
with different polarities

The absorption spectra showed that the solvent polarity did not
significantly impact the absorption spectra in various solvents.
Fig. 1 displays the emission spectra of compound 2 normalized
in solvents with different polarities. Compound 2 had polarity-
sensitive properties in its emission spectra, as seen by the
significant shift in the 100-120 nm emission spectra across the
different solvents. The findings showed a change in the mole-
cules’ molecular orientation from being less polar in their
ground states to more polar in their excited states (Fig. 1a). This
occurred due to a twisted internal charge transfer after the
excitation of the molecules. Charged particles may remain
stable in liquids with high polarity when separated, allowing
their excited states to persist. This may result in a bathochromic
change. The Stokes shifts were plotted against the orientation
polarizability parameter (Af) using the Lippert-Mataga (LM)
connection***® to understand how the compounds' photo-
physical characteristics varied with the solvent polarity. To
comprehend the variation in the molecules’ dipole moments

HO _OH

Nos

Pd(PPh3)s, K.CO5
THF/H,0, 70°C, 3 h

0O
Compound 1: 72%

NC.__CN
Baker's yeast (cat)

EtOH, rt, 4 h

Q " en
@

Scheme 1 Synthetic route for compound 2.

Compound 2
85%
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(a) Normalized fluorescence emission spectra of compound 2 in different solvents at 10 uM, with the excitation wavelength set to the

longest absorption wavelength of compound 2. (b) Lippert—Mataga plots illustrating the relationship between the Stokes shift and the orientation

polarization of different solvents for compound 2.

from their ground to excited states, potentially associated with
the solvatochromism of compounds, understanding the func-
tioning of the slopes of the LM plots is essential. Compound 2
had the most significant solvatochromic features in the series
due to its high slope values with all the tested solvents, as
shown in Fig. 1b. The findings suggested that distinct polar
excited states may be included in the structure by introducing
electron-donating polycyclic hydrocarbon units, such as pyrene.
This might result in the development of fluorescent probes
exhibiting high polarity sensitivity. The correlation between the
solvent polarity and emission color suggests that compound 2
has the potential to be used as a fluorescent probe for envi-
ronmental detection.

Optical spectral responses of compound 2 toward hydrazine
and the detection mechanism

We examined the fluorescence and UV-Vis absorption spectra of
compound 2 to determine whether it could be used to detect
hydrazine. The experiment was performed both with and
without the addition of hydrazine, as illustrated in Fig. 2. Fig. 2a
shows that compound 2 exhibited two distinct absorption
bands in DMSO, namely at 445 and 290 nm. Working with
planar triphenylamine derivatives enables one to observe

Compound 2 only = Compound 2 + hydrazine

1.2

g {a)

= 1 4

<

_E -

2 0.8 -

_Q‘ -

= 0.6 4

= <

S04 -

- |

£0.2 -

° E

St
270 320 370 420 470 520

Wavelength(nm)

absorption bands due to excited-state intramolecular proton
transfer (ESIPT). A maximal absorption wavelength of 340 nm
emerged after adding hydrazine, which reduced the m-conju-
gation system. The color transition of the solution changed
from orange to colorless, allowing the use of calorimetry to
detect hydrazine with the naked eye. Compound 2 was excited at
a wavelength of 445 nm, and emitted light with a peak wave-
length of 605 nm upon the addition of hydrazine. As shown in
Fig. 2b, the fluorescence spectra gradually diminished as they
approached 455 nm. This occurred due to the transformation of
aldehyde and hydrazine into hydrazone. When subjected to
ultraviolet radiation at a wavelength of 365 nm, the fluorescence
evolved from orange to blue (Fig. 2b, inset). In the context of the
ratio-based fluorescence detection of hydrazine, it is advanta-
geous to ascertain the reason behind the rapid formation of
compound 2-hydrazine at room temperature.

Morphology of the nanofibrous sheet of compound 2

Fig. 3 displays the standard scanning electron microscopy
(SEM) image of the nanofibrous sheet created by combining
compound 2 (0.01% w/v) with CA through the electrospinning
process. The images how that when compound 2 was added to
the nanofibers, it did not impact their morphology. However,

Compound 2 only Compound 2 + hydrazine

b)

[y
.

°o o o o
S N A &N 0O = N

.
PR TR T T TN N T

Normalized emission intensity

380 430 480 530 580 630 680 730
Wavelength (nm)

Fig. 2 Changes in the normalized absorption (a) and emission spectra (b) for compound 2 (10 uM) before (orange line) and after (blue line) the

addition of N;H4 (10 uM) in DMSO.
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Fig. 3 SEM images showing the combination of compound 2 with
a nanofibrous sheet fabricated from CA.

the nanofibers came together to form a non-woven mat with
a random orientation, resulting in gaps between them. Thus,
the nanofibers formed by the mixture of compound 2 and CA
displayed a uniform and sleek surface, free from any polymer
beads. According to Fig. 3, the nanofibers had an average
diameter of 268 + 53 nm. This nanoarchitecture strategy
utilized a basic electrospinning technique to create a three-
dimensional (3D) structure. With its expanded surface areas,
the porous nanofiber film could be anticipated to offer
remarkable sensitivity and rapid reaction times, making it
suitable for various sensing applications.

Hydrazine vapor quantitative detection by the nanofibrous
sheet of compound 2

To expedite and optimize the detection of hydrazine, we used
the electrospinning technique to create a nanofibrous sheet
composed of compound 2. This sheet was then cut into smaller
pieces measuring 2.0 cm x 2.0 cm. The nanofibrous sheet of
compound 2 was then positioned at the entrance of a vial
containing hydrazine solution in water and was thereafter
exposed to fumigation for 6 min at room temperature. As shown
in Fig. 4A, the intensity of the fluorescent emissions from the
nanofibrous sheet decreased from a strong green light to a non-
fluorescent signal depending on the quantity of hydrazine in
the aqueous solution. A smartphone was used to acquire the
photos of the fluorescent images arising under the illumination
of a portable UV lamp with an excitation wavelength of 365 nm
to differentiate against hydrazine. The Image] software (version
1.48) was then used to transform the digital color information
from the digital pictures into grayscale values. Finally, a cali-
bration curve was prepared by plotting the ratio of grayscale
values (I/1,) before (I,) and after (I) exposure to hydrazine vapor
at various concentrations of hydrazine (0.01, 0.02, 0.04, 0.06,
and 0.08% w/v) in aqueous solution, as shown in Fig. 4B. The
concentration varied in a straight line between 0.01% and
0.08% weight/volume. The limit of detection (LOD) for hydra-
zine was found to be 0.005% w/v using the usual approach (3s/K,
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Fig.4 (A) Fluorescence image obtained under UV light (365 nm) of the
nanofibrous sheet of compound 2 after fumigation with different
concentrations of hydrazine aqueous solution. (B) Calibration curves
and LOD values of the nanofibrous sheet of compound 2 (B): plot of //
lp against concentration, where | and /g are the grayscale intensities of
the fluorescent images before and after fumigation with hydrazine in
various concentrations. Error bars represent mean + sd. (n = 3
independent experiments).

where s is the standard deviation of the blank and X is the slope
of the calibration). This value was lower than reported in prior
tests, indicating that it was the optimum result.

Vapor phase selectivity and interference tests for the
nanofibrous sheet of compound 2

The nanofibrous sheet of compound 2 was tested for selectivity
toward hydrazine vapor using 22 different compounds, namely
hydrazine, acetone, DMF, aniline, chlorobenzene, DMSO,
hexane, IPA, methanol, N,N-diethylaniline, TEA, N,N-dime-
thylformamide, NH,OH, N-methylaniline, THF, DI water, EtOH,
fluorobenzene, ethylene glycol, H,0,, iso-propanol, and AcOH.

The results suggest that the emissions of compound 2 were
relatively stable in the fluorescent mode when exposed to
different amines, volatile organic compounds, acids, and base
analytes, without substantial changes under identical circum-
stances. In addition, anti-interference investigations were per-
formed with the sensor based on compound 2 by introducing 10
equivalent ions of various types. To compare the fluorescence
intensities of the peaks for compound 2 with these species and
hydrazine, they were sequentially measured, and the corre-
sponding results are shown in Fig. 5a. The sensor of compound
2 exhibited comparable fluorescence reactions to hydrazine
vapor, irrespective of the presence or absence of the different
interferents. It was observed that the fluorescence intensity did
not impact the fluorescence characteristics of the system
compared to systems including various cations and anions (no.
1-15: NH,NH,, K(1), Na(1), Mg(u), Ca(u), Cu(u), Zn(u), Al(m),
Fe(m), (F), (C1), (Br"), (1), (NO; "), (HPO,>"), and (SO,*7)) in
an aqueous medium. Compound 2 exhibited a noteworthy rise
in emissions only in the presence of hydrazine vapor. The
specific response of the nanofibrous sheet of 2 to hydrazine
vapor could also be detected by the naked eye, as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Differences in the intensities of the fluorescent images (AGray) of the nanofibrous sheet of compound 2 exposed for 6 min atr.t. to several

analytes (0.08% w/v) (22 compounds) and hydrazine (0.08% w/v).

Fig. 5b. Moreover, interference investigations were carried out
on supplementary competing anions to confirm the probe's
ability to detect hydrazine in the presence of several other
compounds.

Sensing mechanism of compound 2 for hydrazine detection

The interaction between hydrazine and compound 2 was
studied through a series of experimental investigations. Fig. 6a
displays the chemical composition of the resulting product after
adding NH,NH,. In addition, Fig. 6b shows the "H-NMR titra-
tion spectra of compound 2 (2 mM) in DMSO-dg, with added
equivalents (0 and 2 equiv.). Compound 2 exhibited a benzylic
proton at 8.54 ppm (a-H), which was found to be in a deshielded
position. This deshielding effect was attributed to the electron-
withdrawing group of dicyano in the absence of hydrazine. With
the addition of an excessive amount of hydrazine, it was
observed that the benzylic proton (a-H) was absent, indicating
that it had been substituted by hydrazine, leading to the
formation of an imine group. Furthermore, novel chemical
shifts for the C=CH and -NH, groups were detected at 7.75 (a’-
H) and 6.80 ppm (-NH,), respectively.

The method we propose for detecting hydrazine using
a sensor based on compound 2 is detailed in Scheme 2. The
dicyano group in compound 2 acts as an electrophile due to its
electron-withdrawing solid nature, while the amino group in
hydrazine functions as a nucleophile because of its electron-
donating ability. This unique interaction allows hydrazine to
react quickly with the carbon atom, which is electron-poor and

© 2024 The Author(s). Published by the Royal Society of Chemistry

connected to the dicyano group. Subsequently, the carbon
reacts with NH,NH, to form an imine. Finally, a two-step
procedure involving the removal of malononitrile leads to the
formation of the compound 2-N,H,. This method provides
a novel and practical approach for hydrazine detection.

Theoretical calculations

Using theoretical calculations with density functional theory
and the B3LYP/6-31 G(d,p) basis set, we explored the blue-shift
in the fluorescence response of compound 2 upon exposure to
hydrazine. The calculations were carried out using the Gaussian
09W software package, as depicted in Fig. 7. Compound 2 and
its compound 2-hydrazine complex displayed significant
differences in their electronic distributions before and during
their reaction with hydrazine.

The electron density in compound 2 was mainly in the tri-
phenylamine group on the highest occupied molecular orbital
(HOMO) before transitioning to the dicyano group on the lowest
unoccupied molecular orbital (LUMO). Furthermore, the elec-
tron densities were distributed across the m-conjugated system
on the highest occupied molecular orbital (HOMO) of the
hydrazone product (compound 2-hydrazine complex), while
they moved toward the imine moiety on the lowest unoccupied
molecular orbital (LUMO). In addition, the energy difference
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the
compound 2-hydrazine complex was determined to be 3.77 eV,
while the energy gap for compound 2 alone was measured at

RSC Adv, 2024, 14, 37311-37321 | 37317
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Scheme 2 Detection mechanism of compound 2 for hydrazine.

2.47 eV. There was thus a significant imbalance in energy levels
between compound 2-HZ and compound 2, resulting in
a noticeable shift toward shorter wavelengths (blue-shift) in the
absorption and emission spectra when compound 2 was
exposed to hydrazine (Fig. 8).

Analysis of real water samples

The nanofibrous sheet of compound 2 was employed to monitor
hydrazine in tap water samples. Each sample was spiked with
a determined volume of hydrazine (0.070% w/v). Every sample
was tested three times and the findings are reported in Table 1.
This technique demonstrated an acceptable recovery (<10%

37318 | RSC Adv, 2024, 14, 37311-37321

error), thus suggesting that it is reliable for detecting hydrazine
in actual samples, and indicating the nanofibrous sheet of
compound 2 has the potential for use as a new option for
selectively detecting hydrazine vapor.

Comparison of the sensor based on compound 2 with some
previously reported sensors

Table 2 shows a comparison, including the sensitivity and selec-
tivity, of the hydrazine sensor developed in this work based on
compound 2 and some other hydrazine sensors previously
described in the published literature. Compound 2 demonstrated
outstanding results in terms of selectivity and sensitivity. It only

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The percent recovery data for the detection of hydrazine in
spiked real samples (n = 3) and (mean + SD)

Spike  Found Recovery
Real samples (% wiv) (% wiv) (%) % RSD
Wastewater 0.070 0.073 & 0.007 104.29 9.6
River water 0.070 0.074 £ 0.009 105.71 12.2
Tap water 0.070 0.072 & 0.007 102.86 9.7
Drinking water 0.070  0.065 £ 0.006 93.86 9.2
Fresh champignon 0.070  0.077 & 0.008 110.58 10.4

mushroom

took 6 min to detect hydrazine, compared to the 10 min to 24 h
required by other earlier sensors. Additionally, the detection limit
(LOD) of compound 2 on a cellulose acetate nanofibrous sheet was
found to be 0.005% w/v, which indicated that compound 2 had
a lower LOD than some previous sensors. Table 2 further
demonstrates that, in comparison to other aggregation-induced
emission (AIE) groups, such as the pyrene moiety, the cellulose
acetate nanofibrous sheet containing triphenylamine offered
higher sensitivity and selectivity. Thus, this work contributes an
advancement in the development of hydrazine-detecting sensors.

RSC Adv, 2024, 14, 37311-37321 | 37319
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Table 2 Comparison of the detection limit, mode of detection, matrix material, and detection time of various reported molecular sensors and
the sensor developed in the present work for hydrazine vapor-phase fluorogenic detection

Molecular sensors Mode of detection Matrix material LOD Detection time  Ref.
Bromo-ester/coumarin Turn-on fluorescent Filter paper 0.50% w/v 10 min 49
Bromo-ester/naphthalimide Turn-on fluorescent TLC plate 5.00% w/v 1h 50
Dicyanomethane/tetraphenylethylene  Turn-on fluorescent Filter paper 10.00% w/v 10 min 51
Salicylaldehyde/benzothiazole Fluorescent color changes  Filter paper 10.00% w/v 10 min 52
Coumarin/naphthalimide Fluorescent changes Filter paper 0.05% w/v 10 min 53
Dicyano/naphthalene Turn-on fluorescent Filter paper 0.00002% w/v 24 h 54
Dicyano/pyrenylbenzylidene Fluorescent changes Cellulose acetate nanofibrous  0.02% w/v 10 min 55
Salicylaldehyde/triphenylamine Fluorescent changes Cellulose acetate nanofibrous 0.03% w/v 10 min 28
Dicyano/triphenylamine Fluorescent changes Cellulose acetate nanofibrous 0.005% w/v 6 min This work

Conclusions

This study highlights the successful creation of a new fluo-
rophore (compound 2) and its integration with a CA electrospun
nanofibrous sheet for accurately detecting hydrazine in the
vapor phase. The nanofibrous sheet showcased various capa-
bilities, serving as a fluorescence quencher and demonstrating
selectivity toward hydrazine. Using Image] software, we conve-
niently employed fluorescence image analysis to examine the
intensity changes of the nanofibrous sheet. This allowed us to
effectively determine the concentration of the target hydrazine
through the obtained fluorescent images. Compared to other
solid-state fluorogenic methods for detecting hydrazine gases,
the proposed nanofibrous sheet presents a convenient and
beneficial technique for effectively detecting chemicals in
environmental settings. The nanofibrous sheet of compound 2
had a detection limit of 0.005% w/v for hydrazine vapor.
Compound 2 also demonstrated excellent selectivity and
sensitivity to hydrazine, resulting in a detection mode where the
ICT procedure was reduced by hydrazine. Finally, satisfactory
results were obtained using compound 2 to detect hydrazine in
actual water samples. We expect that compound 2 and its
nanofibrous sheet could be applied for hydrazine detection in
environmental pollution monitoring, especially for the detec-
tion of hydrazine in water or air. Future research should
enhance the hydrazine detection sensitivity, selectivity, and
provide further validation, as well as do further exploration
studies for real-time monitoring with portable devices, and
conduct long-term stability and reproducibility studies to assess
performance over time and under varying conditions.
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