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A facile and sensitive fluorescent probe for hydrazine was successfully constructed, displaying excellent
colorimetric and ratiometric responses towards hydrazine via Ing—Manske hydrazinolysis conditions in
semi-aqueous buffer solution. Semi-empirical calculations as well as spectroscopic results revealed the
signalling mechanism of the current probe under hydrazinolysis conditions, in which hydrazine exclu-
sively deprotected the phthalimide group by an intermediate of phthalhydrazide. Extensive screening of
pH effects on the probe with the aid of proton nuclear magnetic resonance and mass spectrometry
supported the distinctive and diverse ratiometric responses under hydrazinolysis and basic hydrolysis
conditions. Time resolved photoluminescence measurements of the probe further confirmed its
discernible ratiometric responses probed at respective wavelengths. A distinctive ratiometric response
under basic hydrolysis conditions and a successful utilization of probe towards hydrazine detection in
living cells are demonstrated.
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1. Introduction

Developing efficient and reaction specific synthetic probes with
better sensitivity for the detection of small molecule based ana-
lytes is of pivotal research interest owing to the toxic effects of
many small molecules to humans and the environment [1]. Hy-
drazine is a strong reducing agent and highly reactive base [2];
moreover, its widespread usage is inevitable due to its vital roles in
chemical, pharmaceutical, and agricultural industries involving
catalysts, corrosion inhibitors, and pesticides [3]. Hydrazine is a
well-known high-energy fuel in rocket propulsion and missile
systems due to its improved detonable properties [4]. However,
hydrazine is extremely toxic and easily absorbed by oral, dermal,
and inhalation exposure routes. Previous studies on laboratory
animals suggested that hydrazine is highly neurotoxic, mutagenic,
and carcinogenic [5]. Thus, developing reliable and real-time
fluorometric detection methods for the specific detection of hy-
drazine is warranted.

Conventionally, hydrazine was analysed by electrochemistry
[6], chromatography-mass spectrometric [7], titrimetric [8] and
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gas chromatography [9] methods. However, those methods were
often suffered in detecting hydrazine with low sensitivities.
Despite their ease in detections with a trace amount of analytes by
fluorometric methods possessing high sensitivity and selectivity
functions; only a limited number of fluorescent small molecule
based probes for hydrazine have been reported. Swager et al.
developed the first fluorescent conjugated polymer for turn-on
detection of trace amounts of hydrazine. [10] Chang et al. re-
ported a selective detection of hydrazine by deprotection of a
levulinate group [11]. Recently, Sessler and co-workers reported a
trifluoroacetyl acetonate naphthalimide derivative that was
formed a five membered heterocyclic compound, giving rise to a
fluorescent turn-on response exclusively in the presence of hy-
drazine [12].

Developing ratiometric and reaction specific fluorescent che-
modosimeters are often beneficial due to their specificity and built-
in correction for quantitative measurement by the ratio of fluo-
rescence intensities at two different wavelengths [13]. Chemo-
dosimeters appended with specific protection groups for selective
detections via target specific deprotection for various analytes have
often been utilized effectively [14—16]. However, to date there are
only two reported ratiometric probes based on hydrazine mediated
ester deprotection [17] and hydrazone formation [18]. However, to
the best of our knowledge a renowned NH; functional group
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synthon phthalimide [19] has never been explored in the
specific ratiometric detection of hydrazine. Excellent photophysical
properties and outstanding intramolecular charge transfer (ICT)
structures of hydrophilic 4-aminonaphthalimide make them
expedient candidates in designing novel fluorescent probes [20].
However, facile ratiometric probes for hydrazine with selective
and discriminative functions from other amine sources having
potent biocompatibility within the biological pH range are
required.

Herein, we developed a novel phthalimide protected 4-
aminonaphthalimide for the specific and sensitive ratiometric
detection of hydrazine via the Ing—Manske hydrazinolysis method
[21], a key step in Gabriel amine synthesis [22] and thus, enabling
ICT as well as living cell permeability. Probe HZ was synthesized by
appending phthalimide group via Cul promoted aryl halide nucle-
ophilic substitution of compound 2 with potassium phthalimide in
high boiling dimethylacetamide (DMA) solvent in a moderate yield
as depicted in Schemes 1 and 2.
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Scheme 1. Hydrazine mediated phthalimide deprotection of probe HZ to form HZA.

2. Experimental
2.1. General characterization methods

NMR spectra were recorded on Bruker Avance DRX300 Series
('H: 300 MHz; 13C: 75 MHz) at a constant temperature of 25 °C.
Chemical shifts were reported in parts per million from low to high
field and referenced to residual solvent (CDCl;, dg-DMSO: 'H
0 = 7.26, 2.49 ppm and 3C ¢ = 77.23, 39.52 ppm, respectively).
Coupling constant (J) were reported in hertz (Hz). UV—Vis spectra
were recorded on the Jasco UV-600 spectrophotometer using 1 cm
quartz cuvette. Fluorescence measurements were conducted with
HITACHI 7000 Series Spectrophotometer. All emission and excita-
tion spectra were corrected for the detector response and the lamp
output. Melting points were determined using a Fargo MP-2D
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apparatus and are uncorrected. Elemental analyses were conduct-
ed on HERAEUS CHN-OS RAPID elemental analyser. Infrared spec-
troscopy data were collected using Perkin Elmer IR
spectrophotometer. Solid sample were analysed using KBr pellet
method. Time resolved photoluminescence (TRPL) spectra were
measured using a home built single photon counting system with
excitation from a 400 nm diode laser (Picoquant PDL-200,
50 ps fwhm, 2 MHz). The signals collected at the excitonic emis-
sions of all sample solutions were connected to a time-correlated
single photon counting card (TCSPC, Picoquant Timeharp 200).
The emission decay data were analysed for HZ-hydrazine and HZ-
hydroxide complex with biexponential kinetics, from which two
decay components were derived; the lifetime values of (74, 72) and
pre-exponential factors (A1, Ap) were determined. Confocal imaging
was carried out using Leica TCS SP8 confocal fluorescence micro-
scope, confocal fluorescence imaging with using 60x times oil
objective. Semi-empirical PM3 calculations were calculated using
Gaussian-09 suite [23].

2.2. Materials

All the reagents were purchased from commercial sources and
used without further purification. All the solvents were HPLC
grade; anhydrous solvents were obtained by passing through
activated alumina column purification system, further dried by
standard drying procedures. Solvents were degassed by freeze/
thaw/pump cycle technique prior to use. 6-bromo-2-(2-(2-
hydroxyethoxy )ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione
was prepared with a slight modification of previous literature
[24].

2.3. Stock solutions

Standard solution of probe HZ (100 M) were prepared in (1:9,
v/v) in a mixture of water and ethanol solution. Prior to analysis the
stock solution was diluted and pH of the solution was adjusted to
about 7.2 using phosphate buffer saline (PBS) solution to deliver the
final concentration of the probe (5 pM, pH = 7.2) in PBS-EtOH (1:9,
v/v) solution. Hydrazine, other primary amines, metal ions, and
anion stock solutions with concentration of (10 mM) were pre-
pared, respectively in water. Before the titrations analytes were
diluted to their desired volumes.

2.4. Cell culture and imaging

The human cervical cancer cell line (HeLa cells) were seeded
onto cover slips at a concentration of (2 x 10> cellsjmL) and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and 10%
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Scheme 2. Synthesis of Probe HZ. Reagents and Conditions: (a) 2-(2-aminoethoxy )ethanol, EtOH, reflux, 4 h, 88%; (b) potassium phthalimide, Cul, DMA, reflux, 1 day, 55%; (c) N2Hg4,

EtOH/H,0, 15 min, 70%.
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Fig. 1. (a) Fluorescence spectra of probe HZ in the presence of hydrazine and other
representative primary amines. [HZ] = (5 pM), [hydrazine], and [primary
amines] = (25 pM) in a mixture of PBS buffer solutions (pH 7.2, 10 mM) and EtOH (1:9,
v/v); (b) Bars represent the fluorescence intensity ratio in the presence and absence of
various amines. Black bar represent the addition of primary amines (25 uM) to probe
HZ (5 uM). Red bars represent the subsequent addition of hydrazine (25 uM) to the
solution. 0 = hydrazine, 1 = hydroxyl amine, 2 = urea, 3 = thiourea,
4 = monomethylamine, 5 = ethylenediamine, 6 = 1,4-diaminobutane, 7 = trans-1,2-
diaminocyclohexane, 8 = aqueous ammonia, and 9 = guanidine nitrate, respectively.
(c) and (d) UV—vis (naked eye) and fluorescence colour changes under (UV lamp
365 nm) of probe HZ (5 pM) with various amines (25 M) sequentially from left to
right hydroxyl amine, urea, thiourea, monomethylamine, ethylenediamine, hydrazine,
1,4-diaminobutane, trans-1,2-diaminocyclohexane, aqueous ammonia, and guanidine

fetal bovine serum in an incubator (37 °C, 5% CO, and 25% O5). After
30 h, the cover slips were rinsed slightly 3 times with PBS to remove
the media and then cultured in PBS for later use. In view of imaging
procedure, initially cells were incubated with 10 pM of probe HZ
alone for 30 min at 37 °C and observed under microscope and then
again the samples were treated with hydrazine (25 uM) and then
incubated for 30 min and moved to the confocal stage. All the
samples were slightly rinsed for 3 times with PBS buffer before
observing them under the microscope. All the cell images were
obtained with Leica TCS SP8 confocal fluorescence microscope us-
ing 60x times oil objective.

2.5. Synthesis of Probe HZ

2.5.1. Synthesis of 6-bromo-2-(2-(2-hydroxyethoxy )ethyl)-1H-
benzo[delisoquinoline-1,3(2H)-dione (Compound 2)

A mixture of 6-bromobenzo[de]isochromene-1,3-dione (1, 2.0 g,
7.22 mmol, 1.0 equiv) and 2-(2-aminoethoxy)ethanol (0.79 g,
7.58 mmol, 1.05 equiv) in ethanol (60 mL) was heated under reflux
for 4 h, and slowly cooled down to room temperature. The solution
further cooled overnight in a freezer and the precipitated com-
pound was filtered and dried for overnight to get the compound 2
(2.31 g, 6.34 mol, 88%). Chemical formula: C;6H14BrNO4, Molecular
weight: 364.19; m.p.140.9—-142.4 °C.

IR (KBr, cm~!): 3513, 3081, 2908, 2865, 1692,1588; 'H NMR
(300 MHz, CDCl3, 25 °C): 6 (ppm) = 8.65 (d, Jq = 8.9 Hz, 1H), 8.55 (d,
Ja = 8.9 Hz, 1H), 8.40 (d, Jq = 8.9 Hz, 1H), 8.03 (d, Jg = 8.9 Hz, 1H),
7.83 (t, Jt = 9.0 Hz, 1H), 4.43 (t, J = 6.1 Hz, 2H), 3.86 (t, J; = 6.1 Hz,
2H), 3.68 (t, J; = 6.0 Hz, 4H), 2.51 (br, 1H, OH); 3C NMR (75 MHz,
CDCl3, 298 K): 6 (ppm) = 163.7,133.2,132.1,131.3,131.0,130.4, 128.7,
128.0,122.7,121.9, 72.4, 68.3, 61.8, 39.7; MS (+ESI-MS): (m/z): Calcd
for C16H14BrNO4; 364.19; found: 364.0 [M]*, 366.0 [M + 2]*, 386
[M + NaJ ™, [M + Na+2]*"; Anal. Calcd. for C;gH14BrNO4: C, 52.77; H,
3.87, N, 3.85 found; C, 52.68; H, 3.85, N, 3.86.

2.5.2. Synthesis of 6-(1,3-dioxoisoindolin-2-yl)-2-(2-(2-
hydroxyethoxy )ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione
(Probe HZ)

A mixture of compound 2 (1.0 g, 2.74 mmol, 1.0 equiv), potas-
sium phthalimide (0.53 g, 2.88 mmol, 1.05 equiv), and Cul (0.575 g,
3.00 mmol, 1.1 equiv) were taken in over dried 100 mL RBF, and the
mixture was applied to 3 freeze—thaw—pump cycles. A freshly
degassed DMA (60 mL) was added to the compound mixture and
further degassed under argon atmosphere for 5 min, then reflux for
1 day. The solution was slowly cooled down to room temperature
and poured into a beaker contains 200 g of crushed ice and stirred
for 30 min, the resulted yellowish orange precipitate was filtered.
The crude cake was dissolved in DCM (400 mL) and washed with
brine solution (2 x 80 mL). The resulting solution was dried over
MgS0O,4 and evaporated under vacuum. The crude product was
subjected to flash column chromatography (silica gel, Hexane/EA:
8/2 to 6/4) to yield a pure yellow coloured final probe HZ (0.65 g,
1.51 mmol, 55%). Chemical formula: C24H1gN206, Molecular weight:
430.12; m.p. 256.8—258.2 °C.

IR (KBr, cm™1): 3515, 3091, 2942, 2863, 1727, 1609, 1401, 1224,
1046; 'H NMR (300 MHz, CDCls, 25 °C): 6 (ppm) = 8.72 (d, Jg = 8.9
Hz, 1H), 8.66 (d, Ja = 7.3 Hz, 1H), 8.05—8.00 (m, 3H), 7.91—-7.88 (m,
2H), 7.79—7.73 (m, 2H), 4,47(t, J: = 5.9 Hz, 2H), 3.86 (t,, J: = 5.8 Hz,
2H), 3.67 (t, J; = 3.9 Hz, 4H), 2.47 (br, 1H, OH); 3C NMR (75 MHz,
CDCl3, 298 K): 6 (ppm) = 167.1,164.2,163.8,135.1,134.4,132.1,131.8,
131.2,129.5,129.3,128.9, 127.9, 127.8, 124.4,123.5,123.2, 72.4, 68 4,

nitrate. Aex = 405 nm, Slits: 5 nm/5 nm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).
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61.9, 39.8; MS (+ESI-Ms): (m/z): Calcd for Co4H1gN2Og; 430.12;
found: 4311 [M + 1], 4531 [M + Na]*; Anal. Calcd. for
Co4H1gN>»0g: C, 66.97; H, 4.22 N, 6.51, found; C, 66.90; H, 4.20, N,
6.53.

2.5.3. Synthesis of 6-amino-2-(2-(2-hydroxyethoxy Jethyl)-1H-
benzo[delisoquinoline-1,3(2H)-dione (Compound HZA)

In an oven dried 25 mL RBF, probe HZ (0.050 g, 0.11 mmol,
1.0 equiv) was taken and dissolved in 8 mL of H,O/EtOH (1/9, v/
v) solution. Hydrazine (0.008 g, 0.24 mmol, 2.1 equiv, 0.5 M)
solution was added in portion, an immediate colour change from
deep yellow to pale yellow was observed. The reaction was
continued for 15 min, at which time TLC showed complete
deprotection of phthalimide. The resulted deep fluorescent so-
lution was evaporated under vacuum, and then DCM (25 mL)
was added to the crude product and stirred for 30 min, the
resulted precipitate filtered through fine micron filter. The crude
product was dissolved in minimum amount (4 mL) of MeOH and
pentane (100 mL) was added and left under stirring for over-
night. The resulted fine orange precipitate was filtered through
fine micron filter and dried for overnight under vacuum to yield
the final HZA product (0.024 g, 0.079 mmol, 70%). Chemical
formula: Ci6H16N204, Molecular weight: 300.31; m.p. 204.6—
206.0 °C.

IR (KBr, cm™'): 3425, 3351, 3201, 2962, 2879, 1665, 1564, 1119;
TH NMR (300 MHz, dg-DMSO, 25 °C): 6 (ppm) = 8.60 (d, J¢ = 8.9 Hz,
1H), 8.42 (d, Ja = 8.9 Hz, 1H), 8.18 (d, Ja = 8.9 Hz, 1H), 7.64 (t,
Jt=8.9Hz, 1H), 7.45(s, 2H, NH3), 6.83 (d, Ja = 8.1 Hz, 1H), 4.56 (s, 1H,
OH), 4.19 (t, J; = 6.0 Hz, 2H), 3.60 (t, J; = 6.0 Hz, 2H), 3.44 (s, 4H); >C
NMR (75 MHz, dg-DMSO 3, 298 K): 6 (ppm) = 164.3, 163.3, 153.2,
134.5,131.5,130.2, 129.8, 124.4, 122.1, 119.8, 108.6, 107.8, 72.5, 67.5,
60.6, 38.8; MS (+ESI-MS): (m/z): Calcd for C;6H16N204; 300.31;
found: 3013 [M + 1]%, 3231 [M + Na]"; Anal. Calcd. for
Ci6H16N204: C, 63.99; H, 5.37 N, 9.33, found; C, 63.89; H, 5.35, N,
9.31.

3. Results and discussion
3.1. UV—Vis and fluorescence measurements of probe HZ

We primarily assessed the spectroscopic properties of the
probe HZ in a mixture of phosphate buffer saline (PBS, pH = 7.2,
10 mM) and EtOH (1:9, v/v). The probe HZ (5 pM) without hy-
drazine exhibited a moderate UV—vis absorption band and a
fluorescence emission band at 344 and 467 nm, respectively,
owing to the electron withdrawing phthalimide protection group.
However, upon the addition of hydrazine (20 uM, 4.0 equiv) we
noticed an immediate colour change from colourless (344 nm) to
yellow colour (439 nm) with a noticeable red-shift in the ab-
sorption band (Fig. S1). Concomitantly, a selective red-shift from
467 nm (blue) to 528 nm (yellowish green) was evidenced in the
fluorescence emission spectra (see Fig. S2). The perceptible red-
shifts in both UV—vis and fluorescence cases could be ascribed
to the hydrazine promoted phthalimide deprotection with the
release of electron donating amino grouped compound HZA.
These observations indicated that the current probe HZ could be
employed as a sensitive ratiometric sensor under physiological
conditions.

We further examined fluorescence responses of the probe HZ
over the various primary amine sources, such as hydroxylamine,
urea, thiourea, monomethylamine, ethylenediamine, 1,4-
diaminobutane, trans-1,2-diaminocyclohexane, ammonia, guani-
dine nitrate, and hydrazine to substantiate the selectivity of probe
HZ (Fig. 1(b—d)). Upon the addition of 5 equiv of hydrazine, probe
HZ (5 uM) illustrated a discernible ratiometric red-shift in Fig. 1(a).

However, under similar conditions the other primary amine
sources merely showed trivial responses in the emission
behaviour.

To evaluate the quantitative analysis of probe HZ, we further
measured the absorption and fluorescence changes of probe HZ
(5 uM) by increasing the hydrazine concentrations from 0 to 20 uM.
As shown in Fig. S3, upon the addition of hydrazine we noticed a
gradual decline in the absorption band at 344 nm and a simulta-
neous increase of newly red-shifted absorption band at 439 nm.
Likewise, the fluorescence emission band at 467 nm was gradually
decreased with a concomitant upturn of a new red-shifted emis-
sion band at 528 nm (Fig. 2(a)), indicating a lucid colorimetric and
ratiometric fluorescence response of probe HZ.

With the addition of hydrazine (20 pM), the emission intensity
ratio at the two characteristic wavelengths of 467 and 528 nm
increased to 15 fold (from 0.24 to 3.65). Importantly, the fluores-
cence response of probe HZ towards hydrazine showed a clear
linear relationship (Fig. 2(b)) within the range of 0—7.5 uM, which
allowed us to determine the detection limit of probe HZ for hy-
drazine (Fig. S4). Thus, the estimated detection limit was 4.2 nM
(30/slope), which is comparable to those of previously reported
ratiometric fluorescent sensors for hydrazine [18b,18c]|. Moreover,
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Fig. 2. (a) Fluorescence spectra of probe HZ (5 uM) upon the titration of hydrazine (0—
20 pM) in a mixture of PBS buffer solutions (pH 7.2, 10 mM) in EtOH (1:9, v/v). Exci-
tation A = 405 nm, Slit: 5 nm/5 nm; (b) Ratiometric calibration curve Isg nm/l467 nm-
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the probe showed no interferences of other competing analytes and 3.2. Theoretical and spectroscopic studies

satisfied the monitoring of threshold limit value (10 ppb) of hy-

drazine according to the U. S. Environmental Protection Agency To realize the ratiometric signalling mechanism of probe HZ,
(EPA) [25]. further strides were then made, in which the semi-empirical

a)

Probe HZ HOMO

Probe HZ LUMO

ICT blocked

Probe HZ energy-minimized conformation

Fig. 3. (a) and (b) Semi-empirical PM3 optimized HOMO and LUMO frontier molecular orbital distributions of probe HZ, respectively; (c) energy-minimized geometry of probe HZ.
Dihedral angle between phthalimide and naphthalimide plane was denoted in the picture, Mulliken charges of phthalimide and naphthalimide carbonyl carbons were depicted in
picture (c) Colour coding of atoms blue = N, red = O, grey = C, and white = H, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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Compound HZA HOMO

b)

Compound HZA LUMO

ICT enabled

Compound HZA energy-minimized conformation

Fig. 4. (a) and (b) Semi-empirical PM3 optimized HOMO and LUMO frontier molecular orbital distributions of compound HZA, respectively; (c) energy-minimized geometry of
compound HZA. Colour coding of atoms blue = N, red = O, grey = C, and white = H, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 5. '"H NMR (ds-DMSO0, 300 MHz, 25 °C) stock plot. (a) pure HZA (3 mM), (b) probe HZ (3 mM) with the addition of hydrazine (2.0 equiv), and (c) probe HZ (3 mM).

theoretical calculations of probe HZ and compound HZA were
studied. We observed that both HOMO and LUMO molecular
orbital distributions in probe HZ were mainly resided on the
naphthalimide moiety as shown in Fig. 3, which possessed a
dihedral angle of ¢ = 71.8° with the distorted phthalimide unit. A
further Mulliken charge analysis showed that the phthalimide
carbonyl unit had a more electropositive character for carbon

0" = 0.33 e in contrast to 0.31 e in the naphthalimide carbonyl
unit.

The effective molecular orbital distribution across naph-
thalimide moiety indicated a weak ICT between phthalimide and
naphthalimide. As we anticipated the hydrazinolysis of probe HZ
changed the fate such that, with an enabling ICT from free donor
amine group to naphthalimide moiety in the resulted compound

;\,abs = 344 nm
Aemi = 467 nm

o
= ‘R

R = (CH,),0(CH,),0H

Aabs = 439 nm
NH abs
2 Aemi = 528 nm

Scheme 3. The mechanism for hydrazine selective phthalimide deprotection of probe HZ.
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mixture of PBS buffer (pH 7.2, 10 mM) and EtOH (1:9), (v/v); Aex = 405 nm, Slits: 5 nm/
5 nm.

HZA as depicted in Fig. 4. Moreover, 'H NMR spectra of the free
probe HZ, probe HZ-hydrazine complex, and isolated HZA in dg-
DMSO were compared in which the proton signals (a and b) cor-
responding to phthalhydrazide along with free amino grouped
naphthalimide derivative appeared in the spectrum with the
addition of hydrazine to probe (Fig. 5). Furthermore, ESI-MS anal-
ysis verified the release of phthalhydrazide during the hydrazine
mediated phthalimide deprotection.

Based on these experimental and theoretical observations we
outlined the plausible signalling mechanism. Deprotection of
the phthalimide group of probe HZ proceeds first at the
carbonyl position of phthalimide by the nucleophilic addition of
hydrazine to leave the intermediate 2-(hydrazinecarbonyl)-N-
naphthalimidobenzamide. [26] The subsequent nucleophile
attacked on the carbonyl group to generate phthalhydrazide and 4-
aminonaphthalimide, which possessed a unique colorimetric and
ratiometric response (Scheme 3).
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Fig. 7. Fluorescence intensity changes of probe HZ (6 uM) in the presence of hydrazine

(12 pM) as a function of pH in a mixture of PBS buffer (pH 7.2, 10 mM) and EtOH (1:9),
(v/[v); Aex = 405 nm, Slits: 5 nm/5 nm.

3.3. Time effect on probe HZ ratiometric response

Considering the real-time detection of the probe HZ (6 uM)
towards hydrazine, time-dependent fluoresce ratiometric changes
of two characteristic wavelengths at 467 and 528 nm in the pres-
ence of hydrazine (30 M) in a mixture buffer (PBS, pH 7.2, 10 mM)
and EtOH (1:9, v/v) solutions (Fig. S5(a)) were verified. Delightfully,
within 15 min the fluorescence ratiometric intensity (Isg nm/
I467 nm) Was increased to 5 fold with a perceivable dynamic nature
(Fig. S5(b)). Obviously, the crossover point at 750 s for the two
characteristic wavelengths 467 and 528 nm indicated the release of
compound HZA, with enabling an effective ICT induced hydrazine
selective ratiometric response of the probe HZ. Thus, the probe HZ
could be useful for real-time detection of trace amounts of
hydrazine.

3.4. Screening of probe selectivity over competing cations and
anions

To fortify the selectivity of probe HZ to other common cations
and anions (10 equiv), we investigated the fluorescence behaviour
of probe HZ. However, the tested cations, such as Na*, Ag*, Ca®",
Zn**, Cu?t, Ni?*, Cd?*, Hg?*, Pb%t, Ag?*, Fe** and AI**, on the
probe HZ and probe HZ-hydrazine complex could not induce any
noticeable changes as shown in Fig. S6. Similarly, we screened the
effect of different anions, such as F~, Cl~, Br—, 1", AcO~, NO3, H,POg,
N3, HCO3, ClOz, SOF~ and S,03", on probe HZ and probe HZ-hy-
drazine complex. As anticipated, none of these above anions could
present distinct responses on probe HZ as well as probe HZ-hy-
drazine complex as depicted in Fig. S7. Based on these results it was
inferred that probe HZ could be selectively and sensitively detect
the hydrazine even in the presence of other competing cations and
anions.

3.5. pH Effect on probe HZ and HZ-hydrazine complex

Since phthalimide was prone to basic hydrolysis and to further
appreciate the probe HZ towards biological applications, we
investigated the pH effects on fluorescence capabilities of HZ and
HZ-hydrazine complex. The probe HZ possessed a stable response
over the pH range of 1.0—10.0. Moreover, the HZ-hydrazine com-
plex showed a stable ratiometric response within the biological pH
range of 5.0—9.0 including acidic media as shown in Fig. 6 and Fig. 7.
However, both the free probe HZ and HZ-hydrazine complex dis-
played a distinct ratiometric response (red colour) with a newly
instigated fluorescence band at 596 nm in high basic pH range of
12—14 in contrast to the green fluorescence of probe-HZ-hydrazine
within the pH range of 1-10. This photophysical study gave a clue
that the ratiometric response of probe HZ under basic hydrolysis
condition was quite different in comparison with probe HZ
hydrazinolysis.

Further spectroscopic ('"H NMR & ESI-MS) analyses were con-
ducted to obtain further insight into the distinctive ratiometric
response of probe HZ in high basic solution. We noticed a different
chemical shift pattern for probe HZ in the presence of high basic
solution in contrast to hydrazinolysis as shown in Fig. 8. A readily
observed colour change from colourless to red as well bright red
fluorescence compared with initial blue fluorescence was observed
immediately after hydroxide addition in the NMR tube. ESI-MS
analysis of probe HZ in both positive and negative modes were
verified to know the plausible reaction fragments in acidic, basic,
and hydrazinolysis conditions, as shown in Figs. S8—S10. Regardless
of phthalimide itself in acidic nature, the probe could not present
any observable changes in acidic media as we noticed in photo-
physical titrations. However, we observed distinct mass fragments
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Fig. 8. 'H NMR (dg-DMSO0, 400 MHz, 25 °C) stock plot. (a) pure HZA (3 mM); (b) probe HZ (3 mM) with the addition of hydrazine (2.0 equiv); (c) probe HZ with the addition of

hydroxide (2.0 equiv) in D,0; (d) probe HZ (3 mM).

in basic hydrolysis which was consistent with above photophysical
and spectroscopic studies.

Based on this evidence we draw out the plausible intermediates
in acidic, hydrazinolysis and basic conditions for probe HZ as
depicted in Scheme 4. These results clearly suggested that the
current probe could be employed in living cells with better cell
permeability without interference from the pH effects within the
biological pH range and acidic media. Although the probe has a
pure aqueous solubility, it gave long-time and trivial responses
towards hydrazine and other primary amines owing to the reduced
nucleophilicity of amines by the strong water-amine H-bonding in
aqueous solutions in contrast to ethanol buffer solutions.

3.6. Time resolved photoluminescence measurements

To corroborate the above photophysical studies, time resolved
photoluminescence measurements (excited at 405 nm) were con-
ducted for the free probe HZ, HZ-hydrazine complex, and HZ-hy-
droxide complex by probing at 467, 528, and 596 nm, respectively.
Probe HZ showed a monoexponential fluorescence decay with the
lifetime of (71) 4.31 ns, but we observed a biexponential fluores-
cence decay with the life time values of 71 = 7.91 ns (87.4%) and
72 = 1.86 ns (12.6%) for HZ-hydrazine complex as shown in Fig. 9.
Lifetime component 7, with the shorter value could be ascribed to
the hydrazine mediated phthalimide deprotection with the release
of electron donating amino group in compound HZA, and the
lifetime component 71 represents intrinsic fluorescence of naph-
thalimide fluorophore. Significantly, we noticed a distinctive

lifetime pattern for HZ-hydroxide complex as shown in Fig. S11.
Time resolved fluorescence became biexponential decay with the
life time values of 71 = 18.38 ns (2.15%) and 12 = 2.63 ns (97.85%).
The larger variation of the lifetime components indicated a unique
ratiometric response under the basic hydrolysis of probe HZ.
Moreover, these drastic lifetime changes in contrast to HZ-hydra-
zine could be attributed to the newly instigated red fluorescence
peak at 596 nm. Based on the lifetime measurements, we can infer
that probe HZ showed diverse and characteristic ratiometric re-
sponses under hydrazinolysis and basic hydrolysis depending on
the nucleophilicity of analytes. We were able to show the facile and
differentiable ratiometric chemodosimeteric approach for the
detection of hydrazine even in the presence of competing basic
media.

3.7. Confocal imaging

Encouraged by the foregoing performance of probe HZ, we next
sought to apply probe HZ for fluorescence ratiometric imaging of
hydrazine in living cells. Hydrazine could be detected in the human
cervical cancer cell line (HeLa cells). The Cells incubated with probe
HZ (10 pM) alone for 30 min at 37 °C showed blue fluorescence
(Fig. 10(a) and (b)). However, a perceptible green fluorescence was
monitored in the cells after treatment with hydrazine (25 uM) see
Fig. 10(c) and (d). Apparent changes denoted that probe HZ was cell
membrane permeable and capable of ratiometric imaging of hy-
drazine in the living cells.
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Scheme 4. Plausible reaction intermediates of probe HZ under acidic, basic hydrolysis and hydrazinolysis conditions.

4. Conclusions

In summary, we have developed a facile and sensitive fluo-
rescent probe for hydrazine based on Ing—Manske hydrazinolysis
method under mild conditions. The probe HZ showed a selective
colorimetric and fluorescent ratiometric response towards hy-
drazine in the semi-aqueous buffer solution with a low detection
limit. The unique ratiometric response under basic hydrolysis
further differentiated from probe HZ hydrazinolysis. Current
probe showed a stable ratiometric response including acidic and
biological pH ranges. Theoretical and time resolved photo-
luminescence measurements further confirmed the distinctive
ratiometric modes of probe HZ under hydrazinolysis and basic
hydrolysis conditions. Hence, the hydrazinolysis-based ratio-
metric fluorescent probe was developed for the first time in this
report. Pivotal confocal imaging of hydrazine in living cells also
demonstrated that probe HZ could be favourable for biological
applications.
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Fig. 9. Time resolved fluorescence spectral changes of probe HZ and HZ-hydrazine complex.
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Fig. 10. Confocal microscopic images of HeLa cells incubated with 10 uM probe HZ for 30 min (b) and then further incubated with 25 uM hydrazine for 30 min (d); (a), (c) Bright-
field transmission image of HelLa cells in (b) and (d), respectively. Aex = 405 nm.
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