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Abstract

A straightforward imine condensation reaction successfully yielded a novel and promising fluorescent chemosensor
for Cu®' ions, derived from the B-naphthol azine moiety, with a 26% chemical yield of a yellowish solid. Subsequent
spectroscopic analyses employing FTIR, ToF-HRMS, 'H-NMR, and '3C-NMR elucidated the structure as 1-((((4-
bromothiophen-2-yl)methylene)hydrazono)methyl)naphthalen-2-ol (1). The photophysical properties of the compound
were characterized by a maximum UV/Visible absorption in a DMF:H>O (1:9, v/, c: 1.0x107 mol dm™) at 414 nm (e:
6.80x10% mol' dm? cm!) and emission at 565 nm (Aex 360 nm), exhibiting a significant Stokes shift of 151 nm.
Furthermore, at elevated concentrations (1.0x10 mol dm™), the compound exhibited aggregation-induced emission
(AIE) in response to increased water content in the organic solvent mixtures. The compound functioned as a moderately
reversible on-off chemosensor for Cu?*, demonstrating a 1:1 molar ratio binding mode and a 96% quenching efficiency
((¢em of 1 =0.252 £ 0.030; 1+Cu?" = 0.012 + 0.004), as determined by a sensing experiment of 1 against various cations
in DMF:H,O (1:9, v/). The Limits of Detection (LoD) and Quantification (LoQ) for 1 against Cu?" ions were identified
as 0.606 pM and 1.836 uM, respectively. Additionally, computational studies utilizing DFT and TD-DFT, accompanied
by frontier molecular orbital (FMO) analysis, confirmed the presence of excited-state intramolecular proton transfer
(ESIPT) in 1, which was further inhibited upon chelation with Cu?" ions.
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Introduction

Copper (Cu?") is the third most abundant heavy
metal after Fe** and Zn?' [1]. Therefore, due to its
widespread use, Cu?’ is a significant metal pollutant
among all metal ions [2]. As a cofactor in about 20
enzymes (metalloenzymes), copper, in particular, is a
vital micronutrient and plays a considerable role in
biological processes. Take cytochrome C oxidase,
tyrosinase, and superoxide dismutase, for instance [3-5].
An appropriate level of copper is also necessary for
several other biological processes, including the
creation of red blood cells and bone [6]. However,
elevated concentrations of Cu?* lead to oxidative stress

and conditions linked to neurodegenerative illnesses

such as Alzheimer’s [7], Wilson’s [8], and Menke’s [9].
Low levels, however, can impact bone and brain
development, as well as the immune system [10].
Furthermore, chronic exposure to elevated Cu®* levels
has been linked to renal and liver damage. When
released into the environment in uncontrolled quantities,
agricultural and industrial copper waste becomes a
significant environmental contaminant [11-13]. As a
result, research on Cu?" detection holds considerable
potential.

Numerous sensor innovations have been made to
identify transitions of heavy metal ions in biological and
environmental systems [14-16]. Research mainly
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focuses on developing probes for colorimetric imaging
and/or fluorescence systems that are selective for heavy
metal ions [14,17]. Because of their low detection rate,
high selectivity and sensitivity, and simplicity of use
[18-21], these fluorescence probes become a new
promising technique for metal ions among the well-
established analysis methods of Cu®* such as volumetric
[22], spectrophotometric UV/Vis [23], atomic
absorption spectrometry (AAS) [24,25], inductively
coupled plasma mass spectrometry (ICP-MS) [26],
potentiometric [27,28], voltammetry [29], X-Ray
Fluorescence (XRF) [30-34], laser-induced breakdown
spectroscopy (LIBS) [35,36], and CdTe quantum dots
(QDs) [37]. Nevertheless, most Cu?* sensors suffered
interference from competing cations such as Zn?*, Hg?",
Pb*', Fe*, and Ag"* [38-40]. Consequently, considerable
interest remained in developing highly selective
fluorescence probes for copper ions.

Because their structural, spectral, and chemical
properties are easily modified and rely on the structural
characteristics of the ligands, chelated Schiff base
fluorescent molecules are of great interest [28,41].
Specifically, the stability of the complex, achieved
through the suppression of azomethine group
isomerization, has a considerable effect on the
fluorescence [42]. Another class of Schiff base groups
that has the potential to improve a chemosensor’s
stiffness and selectivity is azine, an extended Schiff base
moiety [43,44]. Furthermore, by modifying the Schiff
base moiety in this way, the sensor can undergo an
ESIPT or AIE mechanism [45], for some cases, could be
AIE+ESIPT [46-48], which enhances its photophysical
characteristics and yields benefits like various
wavelength emissions and significant Stokes shifts
because of enol-keto tautomerization [49-50].

ESIPT is generally reported as a fast-occurring
mechanism with velocities ranging from fractions of a
picosecond to tens of picoseconds [42]. To verify the
ESIPT process instead, a DFT/TD-DFT computational
calculation is frequently employed [49,51-55].
Therefore, adding the azine moiety, which functions as
a hydrogen acceptor and enhances ligand stability, is
anticipated to improve both the ESIPT process and the
sensor’s fluorescence in response to a Cu** metal ion. In
addition, a restriction on intramolecular rotation (RIR)
of an azine’s rotatable nitrogen single bond (=N-N=)
might be diminished and promote an AIE mechanism

[56,57].

Here, we developed a novel and intriguing Cu?*
ion chemosensor in an aqueous system, demonstrating
an AIE-ESIPT mechanism. Furthermore, an in-silico
study investigated the sensor’s behavior before and after

ion chelation.

Materials and methods

The reagents and solvents employed were of
synthetic and analytical grade, obtained from Sigma-
Aldrich and Merck. Before use, all laboratory glassware
items were oven-dried. Agilent 500 MHz and 125 MHz
spectrometers were used to collect the 'H- and *C-NMR
spectra, which were recorded in CDClLs. The (major)
solvent’s remnant peak served as a reference for the
NMR signals. A Shimadzu 8,400 UV/Vis spectrometer
was used to evaluate the molar absorptivity and
UV/visible absorption spectra in matched 1.0 cm quartz
cells. The spectra were captured using data at 0.1 nm
intervals. At 25 °C, emission spectra were acquired in a
quartz fluorescence cuvette with a 1.0 cm path length
using an automated Agilent G9800A Cary Eclipse
spectrometer. The slits for excitation and emission were
set to 2.5 nm and 20 nm, respectively, while the
scanning speed was 600 nm min~!. The average of the
resultant spectra was at least 3 times that of the
observations from the sample.

Infrared spectra were recorded using a potassium
bromide (KBr) pellet on a Perkin-Elmer FTIR. In both
positive and negative ion modes, relative masses were
determined using a Waters High-Resolution Time-of-
Flight Mass Spectrometer (Lockspray/HR-TOF-MS).
The uncorrected melting points were obtained from
MPS55 electrothermal equipment with a capillary tube.
The DLS particle size distribution analysis was
performed using the Horiba nanoPartica SZ-100V2
Series. DFT and TD-DFT computations [58,59] were
run on a PC equipped with an Intel®Xeon (R) CPU E5-
2650 v2@?2.60 GHz x 32 processor, 16 GB of RAM, an
SSD PCle hard drive, and a Zotac GeForce GTX 1080TI
AMP EXT CORE VGA. The calculation was performed
using the Gaussian 09 program licensed to our univer-
sity [49] with the B3LYP level of theory and a 6-
311+G(d,p) basis set [14]. The Integral Equation For-
malism Variant Polarizable Continuum Model (IE-
FPCM) was used in the computations to account for the
solvent effect of DMF/H,O0, thereby attaining the actual
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conditions of the tests [49, 60-65]. Parameters including
structural geometry, the infrared and UV/Vis spectrum,
and the energy bandgap of HOMO-LUMO were all de-
termined to analyze the mechanism of interaction and
the occurrence of the enol-keto upon an ESIPT process
[49].

Synthesis of 1-((((4-bromothiophen-2-yl)meth-
ylene)hydrazineylidene)methyl)naphthalen-2-ol (1)

Compound 1 was synthesized using the analog
method described in the publication by Al-Anshori et al.
[51]. A 25 mL single-neck round-bottom flask (RBF)
was filled with 2-hydroxy-1-naphthaldehyde 4 (0.25 g,
1.45 mmol, 1 eq) and hydrazine monohydrate 98% 5
(0.36 mL, 7.26 mmol, 5 eq), which were then dissolved
in 10 mL of methanol. Following 2 h of stirring at room
temperature, the reaction progressed with TLC (silica
gel GFas4, eluent of n-hexane:ethylacetate (8:2, v/v)).
After the solvent evaporated under vacuum, a crude
yellowish solid of 2 was obtained, which was then used
for the subsequent process without any further
purification. A crude of 1-
(hydrazineylidenemethyl)naphthalen-2-ol 2 (0.47 g,
2.52 mmol, 1 eq) was added into a 25 mL of three-neck
bf and dissolved in 15 mL of ethanol. Subsequently, 4-
bromothiophene-2-carboxaldehyde 3 (0.53 g, 2.78
mmol, 1.1 eq) was added to the solution and refluxed for

O._H N
OH NH,-NH,.H,0 o
O s
4 2

CH,0H

Scheme 1 Synthesis of compound 1.

Chemosensory assay of compound 1 against
numerous cations

The assay followed the standard protocol of Al
Anshori ef al. [51]. A 5 mL of the volumetric flask was
used to separately prepare a stock solution (1.0x1073
mol dm~3) of compund 1 in DMF, and different cations
obtained from sulphate salt (K, Li*, Mg?', Fe*", Ni*",
Cu?*, AP**, Zn*") and nitrate salt (Co*', Cd**, Hg?", Pb*",
Ag", and Cr*") in distilled water (0.18 mS/cm). Then, the
solution of stock compound 1 and each cation were
blended in the ratios of 9:1 to 1:9, with a final ratio of
DMF:H,0 of 1:9 (v/v) and a total concentration of

2 h. The resulting precipitated product was then filtered
and recrystallized from a mixture of acetone and ethyl
acetate to yield a yellowish, pure solid (26%, 0.24 g).
Upon a TLC (silica gel GF»s4) using a mixture of n-
hexane:ethylacetate (10:1, v/v) eluents, purity 1 was
verified. M.P. 212-214 °C. IR Spectra (KBr) v/cm™:
3,106 (C-H sp?, sharp), 1,602 (C=N, medium), 1,534
(C=C aryl, strong), 1,299 (C-O B-naphthol, strong).
UV/Visible spectra in DMF (1.0x107 mol dm™),
Amax /MM (g/mol™' dm? cm™): 338 (1.49x10%), 395
(1.93x10%); in DMF:HO (1:9, v/v, 1.0x107° mol dm™),
Amax/mm (e/mol™! dm? cm™): 414 (6.80x10°%); Emission
spectra in DMF:H,O (1:9, v/v, 1.0x107 mol dm™),
Aoy MM, Ay /am and Ad/nm: 360, 565 and 151,
respectively. 'TH-NMR (500 MHz, CDCls) 6/ppm; 13.14
(1H, s, H-12), 9.68 (1H, s, H-15), 8.73 (1H, s, H-11),
8.17 (1H, d, J = 8.5 Hz, H-1), 7.88 (1H, d, J = 9.0 Hz,
H-10), 7.81 (1H, d, J = 7.8 Hz, H-4), 7.42 (1H, t, H-5),
7.24 (1H, d, J=9.0 Hz, H-21), 7.57 (1H, m, H-6), 7.41
(1H, s, H-19), and 7.39 (1H, s, H-9); '3C-NMR (125
MHz, CDCl3) o/ppm; 108.18, 110.80, 119.16, 120.11,
123.80, 127.41,127.99, 128.17, 129.19, 132.75, 134.33,
134.96, 139.53, 153.38, 161.33, and 162.09. ToF-
HRMS (ES) m/z: [M+H]* calculated for
[Ci6H11BrN2OS-H]": 358.9848, found: 358.9851.

H

N7 > B
0Pz “\} -
pos NS

3 T
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1.0x10* mol dm™>. Next, each combination was
visualized over 365 nm UV light, accompanied by
UV/Vis and fluorescence spectra at A,, 360 nm
measurements. Job’s plot experiment [66] calculated the
ligand’s binding ratio towards Cu?'. Meanwhile, the
selectivity experiment was accomplished by mixing a
stock solution (1.0x1073 mol dm™) of compound 1 in
DMF with a cation solution (1.0x107* mol dm=>), which
exposed the most remarkable positive response at a
specific stoichiometry acquired from the chemosensory
assay. Subsequently, a further equivalent of each
competitive cation was independently contaminated to
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the mixture, resulting in a final ratio of DMF:H»O of 1:9
(v/v) and a total concentration of 1.0x10™* mol dm™.
Next, the fluorescence spectra of each combination were
captured at 4., 360 nm and A,,,, 565 nm.

A titration of compound 1 (5.0x10™ mol dm™)
with the Cu?" metal ion (1.0x10®° mol dm™) in
DMF:H,O (1:9, v/v) was carried out using a
spectrophotometric UV/Vis to track the change in their
absorbances to find the association constant. The
complex stability constant was computed using a
Benesi-Hildebrand equation [67,68]. Following a
spectrofluorometry measurement of a comparable
titration procedure of compound 1 in DMF:H,O (1:9,
v/v, 1.0x10™* mol dm™) against the selected metal ion
(1.0x10™* mol dm™), the Limit of Detection (LoD) and
Limit of Quantification (LoQ) of compound 1 were
similarly computed using equations of 3.36/K and
100/K, respectively [69]. The K was the slope of the
fluorescence titration curve, and J was calculated from
the standard deviation of the means of nine data
emission intensities of compound 1 at maxima. A
fluorescence titration of the 1+Cu?" with EDTA was
performed to determine the reversibility of compound 1
against Cu?" [70-72]. Before and after the chelation with
the Cu?", the emission quantum yield (¢pem) of compound
1 was determined using a relative value [51] compared
to the standard of quinine sulphate in 0.5 M H2SO4 (¢em
=0.546) [73].

Computational calculation

The computational calculations were performed
using DFT and TD-DFT methodologies within the
Gaussian 09 software. A theory level of Becke’s three-
parameter hybrid exchange function with the Lee-Yang-
Parr gradient-corrected correlation functional (B3LYP)
and a basis set of 6-311g+(d,p) was further utilized to
complete the calculation [74,75]. A solvent of N, N-
dimethylformamide (DMF)/H,O was incorporated into
the calculation based on the integral equation formalism
of the polarizable continuum model (IEFPCM) to mimic
the experimental environment [49,76]. The geometrical
structures of the probe and its products at the So and S,
states were independently optimized to get the related
parameters. The calculated infrared wavenumber and
UV/Vis absorption spectra were compared to the
measured ones to validate the calculation method

further. The HOMO and LUMO molecular orbitals, as
well as their energy band gap ( AEnomo-Lumo), were
calculated at the same theoretical level. The frontier
molecular orbital (FMO) theory [14,77,78] was used to
study and analyze the energy data of the HOMO-LUMO
states produced from the optimized molecular geometry
of the enol-keto form of compounds 1 and 1+Cu?*. Thus,
it is possible to assess the manifestation of the excited-
state  intramolecular  proton transfer (ESIPT)
mechanism. Generally, this type of intramolecular
hydrogen bonding (IHB) must be verified at the ground
state before proceeding with the ESIPT process. The
IHB will be more stable when the bond length of the
phenolic moiety’s acidic proton donor (O-H) is longer,
and the imine Schiff base’s proton acceptor (H---N) is
shorter. Furthermore, the achievement of the ESIPT is
made possible by the reduced band-gap between the
excited keto form (K*) and the excited enol form (E*),
as well as the lower LUMO of K* compared to E*
[49,53].

Results and discussion

Synthesis of compound 1

The compound 1 was successfully synthesized in
a two-step reaction via precursor 2, yielding an overall
chemical yield of 26% (Scheme 1). A typical,
straightforward Schiff base synthetic method [39,51,79]
was also applied to compound 1. Thus, no extensive
purification was required, yielding a pure yellowish
solid. Further elaborative spectroscopic elucidation was
employed to confirm the structure of compound 1. A
specific Schiff base marker of a double imine bridge at
the center of compound 1 was supported by the IR
vibrations of C=N at 1,602, in addition to the stretching
vibration of C-H sp?at 3,106, C=C aryl at 1,534, and C-
O Bnaphthol at 1,299 cm™! (Figure S1). Apart from all
IR signals, none of the wavenumbers were associated
with the phenolic functional group. As reported
elsewhere, a similar type of observation was attributed
to an intramolecular hydrogen bonding effect [51].

To find out the type of protons constructed in the
skeleton of compound 1, a '"H-NMR characterization
was recorded in CDCIs (Figure S2), revealing the 6
proton signals appearance of the naphthalenic ring at
8.17 - 7.39 ppm of chemical shifts, 2 azomethine protons
at 9.68 and 8.73 ppm, a downfield signal of -OH moiety
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at 13.14 ppm, and two more protons of 4-
bromothiophene at 7.24 and 7.41 ppm, respectively.
Commonly, a free phenolic -OH is found at 9.95 ppm
[80]. However, in an aprotic solvent like CDCls, the
intramolecular hydrogen bonding of a phenolic -OH
with an imine nitrogen was more pronounced in
compound 1. Thus, the phenolic -OH signal of
compound 1 was further shifted to 13.14 ppm, as
reported for other analogs elsewhere [80,81].
Consequently, the isomer geometry of the C;;=N3 was
probably E, as verified elsewhere for a typical 2-
hydroxy imine moiety [79]. However, as the -N-N- bond
connects 2 imine moieties that are freely rotating, the
other imine geometry was not well-established [79]. To
complement the 'H-NMR data, the '3C-NMR spectra
were subsequently obtained (Figure S3). Sixteen carbon
signals were recorded, including four thiophene carbons
at 108.18, 110.80, 134.33, and 139.53 ppm, two
azomethine carbons at 153.38, and 161.33 ppm,
respectively, and 10 aromatic carbons at 119.16, 120.11,
123.80, 127.41, 127.99, 128.17, 129.19, 132.75, 134.96,
and 162.09 ppm. Overall, the NMR spectra did not
reveal any other trace compounds that might have
formed during synthesis and further interfered with the
photophysical properties of the 1-sensing.

Applying positive electrospray ionization to high-
resolution mass spectrometry, the molecular weight was
finally confirmed at m/z 358.9851, deviating by 0.8 ppm
from the theoretical value (Figure S4). The measured
m/z assigned a 12 of DBE, involving 2 naphthalene
rings, one thiophene ring, and 9 C sp?. Isotopic trace of
bromide was revealed by a twin ionization mass peak at
m/z of 358.9851 and 360.9817, with abundance ratio of

1:1. Thereby, the molecular formula of 1 was asserted as
20000

18000
16000
14000
12000

10000

8000

€ (mol"dm3cm")

6000

[C16H1 1BI‘N208-H]+.

Photophysical properties of compound 1

To investigate the photophysical properties of
compound 1, the absorption spectra of the compound
were measured in a polar aprotic solvent of DMF at a
total concentration of 1.0x107 mol dm=. A typical n to
w* excitation band was assigned at A,,, 395 nm
(19,300 g/mol™! dm?® cm™) (Figure 1), plausibly
attributed to the imine (Schiff base) and phenolic
moieties. In addition, the presence of conjugated
naphthalenic and azomethine resulted in a prominent x
to * transition at A4, 338 nm (14,900 g/mol~!' dm?
cm™!). A comparable spectra profile for compound 1
was also observed in other aprotic solvents, including
DMSO, dioxane, dichloromethane, and chloroform
(Figure S5).

In contrast, the maxima at 395 nm were shifted
batochromically to 414 nm (6,800 g¢/mol~' dm?® cm™)
upon the addition of a more polar protic solvent of H,O
to DMF in a ratio of 9:1 (Figure 1). This bathochromic
shift is attributed to enhanced stabilization of the ground
state  (So) via solvent-solute interactions. The
preferential stabilization of compound 1 in its ground
state (So) over the excited state (S)) is likely due to more
effective hydrogen bonding and solvation interactions in
the presence of water compared to DMF alone [82].
However, since the hydrogen acceptor capability of
DMF toward compound 1 was reduced with an increase
in the water concentration, the molar absorptivity of the
maxima at 414 nm was decreased almost three times

lower than the original at 395 nm.

p—TT
= DMF:H,O 1:8

e,

r T T T 1 1 T
300 350 400 450 500 550 600 650 700

‘Wavelength (nm)

Figure 1 Absorptivity of compound 1 (1.0x103 mol dm) in DMF:H>O (1:9, v/) (Red line), in DMF (Black line).
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As the emission spectrum profile of the b-naphthol
Schiff base, a typical fluorophore, is commonly
exhibited upon a specific excitation wavelength, further
analysis of the photophysical and sensing properties of
compound 1 at 360 nm [69,70] is warranted. Analysis
of a colloidal mixture 1 at a total concentration of
1.0x10™* mol dm™ at A,, of 360 nm revealed a
quenching emission of A,, 515 nm in DMF. The
emission was even faded out at a clear solution 1 at a
more diluted concentration (Figure 2-Left). In contrast,
14 times emission enhancement (@em = 0.252+0.030)

and a 50 nm redshift emerged at the emission spectra of

1004

90+ N
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h Br
’D_
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504

1 in DMF:H,O (1:9, v/v) compared to DMF (Figure 2-
Right). It was observed that this phenomenon became
negligible when probe 1 was used at lower
concentrations. Most probably, the energy transfer of
DMF toward the 1 in the excited state was attributed to
the quenching process, as previously discovered
elsewhere [83]. However, in some instances, a Schiff
base-based sensor may exhibit aggregation-induced
emission (AIE) at increased concentrations of water in
organic solvent mixtures [72,73]. This confirmed the

activation of emission due to aggregation.

T T T T
500 550 600 650

Wavclength (nm})

T T
400 450

==

450

T T T T 1
500 550 600 50 700

Wavelength (nm)

Figure 2 Fluorescence spectra of compound 1 at various concentrations: (Left) (1.0x107* - 1.0x107% mol dm™, A,, 360
nm) in DMF, (Right) (1.0x107*- 1.0x10~7 mol dm>, A, 360 nm) in DMF:H,O (1:9, v/).

To confirm the AIE phenomenon, an analysis of
the emission spectra of compound 1 under a binary
solvent of DMF and increased water content (0% to
90%) with a total concentration of 1.0x10™* mol dm™
was performed (Figure 3 (Left)). A colloidal mixture of
1 was initially formed at a water content of 50% to 90%,
followed by an enhanced emission. It was implied that a

3
&
H
s
=
s
g
g
g

450 500 550 600

Wavelength (nm)

700

Frequency (%)

colloidal mixture was formed due to the aggregation of
compound 1 at high concentration, which further
induced enhanced emission. In addition, a bathochromic
shift was distinctly observed when the water content
increased from 40% to 50%, confirming a typical J

aggregation [74].

1in DMF:H O (1:9, v/v)

Z_ =1735nm

PI=0.929

T T T T 1
500 1000 1500 2000 2500

Diameter (nm)

Figure 3 Emission spectra of compound 1 in a mixture of DMF and increased H>O content (0-90%, v/v), (Cio = 1.0%10

4 mol dm™), A, 360 nm. Inset: Fluorescence Intensity of water fraction at A, 565 nm (Left). DLS-Particle Size

Distribution Analysis of compound 1 in 90% water fraction (Right).
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Further dynamic light scattering (DLS)
experiments verified the formation of larger aggregates
of the probe in higher water fractions (Figure 3
(Right)). The results showed that the average particle
size of compound 1 in 90% water/DMF was 1,735 nm,
substantially different from the original clear solution of
compound 1 in 100% DMF. The aggregates’
polydispersity index (PI) values, larger than 0.7 [84],
revealed a typical broad-size particle distribution of
compound 1, which was shaped. It was implied that the
accumulation of particles associated with solvent
molecules was increased upon an increase in water
fraction. However, based on the first-order kinetic
analysis of the emission change over time (Figure S6),
the aggregation fell apart, with a #» of 29 minutes. The
half-life may be prolonged under non-stirred conditions,
thereby improving its potential for extensive
applications.

Regardless of any solvation effect, the basic
skeleton of the B-naphthol chromophore exhibited no

emission because of a photoinduced electron transfer

from the -OH moiety to the naphthalic fluorophore. In
fact, a proton acceptor of -C=N adjacent to an -OH
proton donor found at compound 1 potentially
experienced a solid intramolecular hydrogen bonding
[85]. Furthermore, the dominant solvatochromic effect
of water (HBD constant of 1.17) [86] on compound 1
even strengthened an existing intramolecular hydrogen
bonding, which commonly promotes intramolecular
proton transfer at the excited state (ESIPT) [53,87,88].
Therefore, the photoinduced electron transfer was
hindered, and the fluorescence of compound 1 was
sparked. In particular, the ESIPT mechanism may
preserve the planarity of compound 1 via an
intramolecular rotational restriction and extend the
conjugation system of compound 1 [56,89]. Finally, it
may also induce the coupling aggregation-induced
emission mechanism [51, 80-82], exhibit fluorescence
properties similar to those of compound 1 at high
concentrations, and have a physical appearance (Figure
4). This type of phenomenon is well known as AIE-
coupled ESIPT, as reported in previous studies [46,90].

Figure 4 Fluorescence properties of compound 1 in the solid state over UV lamp at 365, 254 nm, and daylight.

Since the ESIPT process caused compound 1 to
exhibit a significant Stokes shift (A1) of up to 173 nm in
DMF and 151 nm in a 1:9 (v/v) DMF:H,O mixture
(Figure S7), which is beneficial for fluorescence
imaging properties such as contrast [91]. Finally, based
on the feasible solubility of compound 1 in a more
aqueous system with excellent fluorescence properties,
the combination of DMF:H,O (1:9, v/v) system was
further used for the probe’s sensing assay.

Sensing nature of compound 1 against metal
ions

The sensing assay of 1 in DMF:H,O (1:9, v/v)
against several representative cations including K*, Li",
Ag', Mg?*, Ni*", Cu?', Zn**, Co?**, Cd**, Hg*", Pb**, Fe?",
AI**, and Cr*" exhibited a typical chelating quenched
fluorescence (CHQF). A diminishing bright yellow
fluorescence of compound 1 was monitored upon
mixing with the metal ions at 365 nm of UV light
(Figure 5-bottom), and a transparent yellow color

transition was observed under ambient light (Figure 5-
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top). In particular, an intensive quenching of the
fluorescence of compound 1 was demonstrated against
Cu?" at a 1:1 ratio. Spectrofluorimetric corroboration
was further pursued for the prospective chelating
properties of compound 1, using a specific cation in the
qualitative assay. Upon a 1:1 mol ratio, all the metal ions
quenched the compound 1 to a certain degree. Most of

T“

-
o oo
' -

1 Cg? ‘!tﬂg“

14Py™

the transition and post-transition metal ions, such as
Agt, Cd?*', Cr**, Hg?', Ni**, AI*", and Pb**, quenched the
probe 1 emission by less than 15%, compared to the
¥, Zn**, Fe**

and Co?" were less than 50%. In fact, a distinctive

parent relative intensity, while ions of Li

emission quenching of compound 1 at 565 nm was
demonstrated against Cu?" (Figure 6).

Figure 5 Qualitative test of compound 1 against representative cations in DMF:H,0 (1:9, v/4) (i = 1.0 x 10" mol

dm) over ambient light (top) and 365 nm UV light (bottom).
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Figure 6 Fluorescence spectra of compound 1 against various metal ions in DMF:H,O (1:9, vA4)) (Crorar = 1.0x10* mol dm-

3) at A4y 360 nm and A,,, 565 nm.

A quantum yield of emission was subsequently
determined, verifying the quenching process of
compound 1 against Cu?>" up to 96% ((dem of
1=0.252+0.030; 1+Cu?*'=0.012+0.004) (Figure S8).
Since the intensive emission of compound 1 is most
likely caused by the PET inhibition of the naphthalenic

fluorophore due to an ESIPT process, the strong

coordination of compound 1 with the Cu?* metal ion
might interrupt the ESIPT and allow the PET to occur.
Thereby, the emission of compound 1 was tremendously
quenched by the Cu®* ion. A similar mechanism has
been reported elsewhere for a typical Schiff base
Since the Cu?" decreased the

emission intensity of compound 1 distinctly, it could be

chemosensor [89].
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employed for naked-eye detection. Thereby, compound
1 was a typical “on-off” sensor.

Regarding selectivity, compound 1 was a
reasonably distinguished Cu?" ion to a certain degree
from other representative ions (Figure 7). The chart bar
showed that the fluorescence strength of 1+Cu®* was
affected by other contaminated metal ions, with a
relative fluorescence intensity (FI) increase of up to
15%, especially by Ag®, Cd**, Fe?', Ni*, Pb*', K, Li",
Mg?', and Zn?'. Fewer interferences (< 5%) were
demonstrated by Cr3*, Hg?", and AI**. Plausibly, probe

1 can be applied as a Cu?" sensor for samples free of

Co?" which disrupts the fluorescence intensity (FI) of
1+Cu?* by up to 20%. A Job’s plot analysis was then
followed to determine the binding ratio between 1 and
Cu?'. Upon a constant total concentration of 1.0x107*
mol dm™, an emission spectrum of a mixture of 1+Cu?*
at aratio of 0.1 to 0.9 was obtained, revealing a securely
established complex at a molar ratio of 1:1 (Figure 8).
An HRMS-ToF analysis further highlighted the 1:1
complex of 1+Cu?" measured in ES~ with its isotopic
traces of Br’”® and Br® (m/z: [CisH10Br?CuN,OS]:
419.7022, [CiH10Br¥'CuN,OS]: 421.0466) (Figure
S9).

X+Co(ll)
1+Co(11)
X+Zn(ll)
1+Zn(11)
X+Ph(11)
1+Pb(11)
X+Ni(I1)
1+Ni(IT)
X+Mg(IT)
1+Mg(IT)
X+Li(T)
1+Li(T)
X+K(T)
1+K(T)
X+Hg(IT)
1+Hg(IT)
X+Fe(IT)
1+Fe(IT)
X+Cr(ILL)
1+Cr(IIn)
X+Cd(11)
1+Cd(I1)
X+AI(ILD)
1+AI(ILD)
X+Ag(l)
1+Ag(l)
X=1+Cu(ll)
1

0 100 200

B Without Cu(Il)
I With Cu(ll)

400 500 600 700

Fluorescence Intensity (a.u.)

Figure 7 Changes of fluorescence intensity of 1+Cu?" (1:1, v/v) in the presence of 1 eq of other competitive cations [Cror
1.0x10* mol dm™ in DMF:H,0 (1:9, v/4)] (A¢, 360 nm, A,,, 565 nm).
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Figure 8 Job’s Plot of 1 with Cu?* ion in DMF:H>0 (1:9, v/4) (¢ 1.0 x 10* mol dm™ (A, 360 nm, 4,,,, 565 nm).
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A fluorescence titration of the ion over compound
1 was performed to determine the detection limit against
the Cu?" ion in aqueous DMF. According to the linear
regression of the plotted data (slope/K: 1.7119x108;

900 4
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3004

Fluorescence intensity (a..)
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STDV/6: 31.4389) assisted by the 3.36/K and 106/K
equations [69], the LoD and LoQ of compound 1 were
discovered at 0.606 uM and 1.836 uM, respectively
(Figure 9, Figure S10).
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Figure 9 Titration curve of fluorescence of compound 1 (1.0x10* mol dm™) in DMF:H,O (1:9, v/) vs Cu?' ions at

ambient temperature (4., 360 nm) (Left). Linear regression of fluorescence degradation at 565 nm as a function of Cu?*

concentration (Right).

A high binding constant of the complex in
DMF:H,0 (1:9, v/v) was further calculated (3.95x10° M-
1) from the titration experiment of UV/Vis absorbance

(Figure 10) and the Benesi-Hildebrand equation

135+

0.1204 +Cu”

1105+

1.090 -

Absorbance

0045+

0.030 4

[(XITES

[67,68]. The isosbestic point of the titration spectra was
barely visible. It was implied that a transformation
occurred during the titration, possibly due to the

aggregation changes of the involved species [92-94].

=8ty
Ne Wsighiing
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Figure 10 Titration curve of UV absorbances of compound 1 (5x10~° mol dm) with Cu?" (1x10° mol dm?) (Left),
Benesi-Hildebrand plotting data of compound 1 with Cu?* ion in DMF:H,0 (1:9, v/v) at A,,,4, 367 nm (Right).

The reversibility of sensor compound 1 against
Cu?" was then investigated using a complexing agent,
such as EDTA [70,71] (Figure 11). The fluorescence
recovery percentage (FRP) of compound 1 quenched by

Cu?* ions showed a decreasing tendency after three
cycles. Hence, the chemosensor of compound 1
exhibited partial reversibility against Cu®* ions to a
certain degree.
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Figure 11 Reversibility experiment of compound 1 (1.0x10* mol dm-) in DMF:H,O (1:9, v/) against Cu?" ions and

EDTA at ambient temperature (4., 360 nm) (Left). Fluorescence changes at 565 nm and their fluorescence recovery

percentage (FRP) (Right).

The potential application of compound 1 as a
paper-based strip probe of Cu?" indicator was further
demonstrated at a preliminary step. After immersing a
Whatman filter paper into probe compound 1 (1.0x1073
mol dm) in DMF:water (1:9, v/v) solution 5 times,
compound 1 was absorbed. Afterward, the dry paper
immobilized by compound 1 was tested against a Cu®*
ion solution at a similar concentration in deionized water
and photographed digitally under a UV lamp at 365 nm
[95,96].

fluorescence emission of compound 1 before it was

The observed results showed a bright

dipped into the Cu®' ion solution (Figure 12-Before).

Before

Once paper-test of compound 1 was immersed in the
Cu®' solution, the bright fluorescence of paper-test
compound 1 decreased (Figure 12-After). Therefore,
compound 1 will likely be used for the visual and
qualitative detection probe of Cu?" metal ions, offering
good performance and simplicity without requiring
complex equipment. A preliminary stability test of the
paper-based sensor conducted over several days at
ambient conditions revealed a consistent fluorescence
response. However, further studies under controlled
humidity and temperature conditions are still necessary

to evaluate its long-term performance comprehensively.

Figure 12 A Whatman filter paper immobilized by compound 1 (1.0x107 mol dm) in DMF:water (1:9, v/v) before and

after being tested against Cu?* ions solution (1.0x10-* mol dm™) in demineralized water. The visualization was under a

UV lamp at 365 nm.

Since the response of probe 1 against Cu®>* was
based on the difference in blue fluorescence intensity, a
more rigorous investigation of the paper-based strips is
necessary. For instance, a calibrated paper-based strip

fluorescence quenching index of 1+Cu?" can be
prepared in the presence of individual ion contaminants.
Synchronous fluorescence spectroscopy should be a
suitable method for the FI calibration of the paper test
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[97,98]. Employing a digital camera to photograph the
prepared strips and determine their RGB values under a
365 nm UV lamp may simplify its application prospects
for a real-time qualitative test. The previous finding
[27,96,99,100] demonstrated that the
response of a paper-based sensor can be captured using

fluorescent

a standard smartphone camera under 365nm UV
illumination. The RGB values are then extracted and

complex instrumentation.

According to the aforementioned experimental
data, the interaction of compound 1 with the Cu?" ion
most probably occurred through inhibition of the IHB
with the ion, as proposed in Figure 13. Afterward, an
inhibition of ESIPT, which commonly occurred in
particular Schiff base derivatives, might be the most

rational sensing mechanism [51,71,89]. Therefore,

analyzed to convert the visual fluorescence change into further computational analysis of probe 1 was
a semi-quantitative signal, eliminating the need for performed.
ey 360 Nm Aex 360 NM
/e
Dy £y
N.. S/ . Br
A Cu2* N S/
ESIPT ON’ 5 - z ESIPT Inhibition
uorescence in DMF:H,0 0) Fluorescence OFF”
(1:9, viv) OO

7

Aem 565 NM

A

Aem 565 Nnm

Figure 13 A proposed interaction mechanism of 1 with Cu?" ion.

In Silico study of the ESIPT of probe 1 and its
interaction with Cu?* ion

Upon a geometry optimization of compound 1, at
the B3LYP level of theory and 6-311g+(d,p) basis set,
positive vibrational frequencies (IR) of compound 1
were recorded (Figure S11). Thus, a minimum state of
compound 1, which indicated a stable form, was
achieved (Figure 14). Some representative moieties,
namely as stretching of -OH, C=N, and aromatic C=C at
3,250, 1,642, and 1,578 cm’!, respectively, emerged.
The calculated values of compound 1 deviated by 31 -
107 ecm™, which is within acceptable computational
margins. In addition, further calculation verification was
achieved by comparison of the computed UV/Vis
spectra profile of the 1-enol and 1-keto with the
measured ones (Figure S12). Overall, the calculation
method that
approximated the experimental

demonstrated  accuracy closely

results, providing
reasonable verification of its validity.

To confirm the ESIPT process of compound 1,
which leads to the isomerization of enol-keto, we
examined the optimized structures of 1-enol and 1-keto
in further detail. Since intramolecular hydrogen bonding

(IHB) involves the bonds at the O19, Hzo, and N»; atoms

(Figure 14), changes in bond length and angle upon
excitation should be observed [101,102]. It was implied
that bond elongation of the O19-Hao of 1-E (0.031 A) was
distinctively revealed upon excitation to S;. On the other
hand, a bond shortening was also observed at the Hao-
Nyj of 1-E (0.116 A). In addition, a widening angle (20°)
of O19-Hao---N2; close to 180° was also assigned, along
with the bond length change. For comparison, analogous
changes were also demonstrated by the 1-K upon
excitation (Figure 14, Table S1). Consequently, an IHB
of phenol Oj9-Hyy toward imine N3 was strongly
enhanced upon excitation. As the 1-enol was more stable
than the 1-keto by 3.29 kcal/mol in So and 0.658
kcal/mol in S; (Table S2), the 1-enol form might have
dominantly occurred at the S; state.

Further analysis of the frontier molecular orbital
(FMO) toward 1 enol/E and keto/K (Figure 15)
highlighted the presence of an enol-keto tautomerism in
compound 1. The study revealed that 1-keto (3.21 eV)
had a lower energy band-gap than 1-enol (3.38 eV). A
redistribution of 1-E and 1-K electronic density upon
excitation was also observed. The electron density of the
N> and Oy9 at LUMO of 1-E* and 1-K*, respectively,
was increased. These changes enhanced the proton
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acceptor capability of the related atoms at the S; state.
Since the LUMO energy of 1-K* was also, relatively
lower than the 1-E*, the ESIPT was finally favorable to
occur, as it was accordingly found in the other typical
Schiff base [49,51,53,103]. On the other hand, when the
Cu?" ion was chelated by compound 1, the IHB was
replaced by the ions, and the keto-enol tautomerization
was restricted (Figure S13). Finally, the original
inhibited photoinduced electron transfer was released,

and the fluorescence of compound 1 was quenched

RESRe
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irreversibly. Overall, according to the computational
calculation of 1-enol, 1-keto, and their chelated
complex, the ESIPT phenomena and the interaction
mechanism were further verified theoretically, and the
result aligned with similar findings reported elsewhere
[14,53,58,89]. Employing advanced techniques like
transient absorption spectroscopy would offer additional
confirmation of the ESIPT mechanism and allow for
precise determination of its kinetic parameters
[104,105].
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Conclusions

A Novel AIE-ESIPT-based chemosensor of 1-
((((4-bromothiophen-2-
yl)methylene)hydrazineylidene)methyl) naphthalen-2-
ol (1) was successfully synthesized and characterized
based on the spectroscopic analysis. Compound 1
demonstrated a limited selectivity on-off sensor against
Cu*" ion in DMF:HO (1:9, v/v) at 1:1 molar ratio
binding mode, with the LoD and LoQ being 0.606 uM
and 1.836 uM. Upon experimental and computational
study, sensor 1 was confirmed to undergo an ESIPT
process, followed by inhibition against Cu?" ions.
Therefore, compound 1 might be further applied to
detect Cu®' ions in an aqueous system under particular

conditions.
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Figure S9 ToF-HRMS (ES") Spectra of compound 1+Cu?* with their Br isotopic trace.
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Figure S10 The emission spectra of 1 (1 x 10 mole dm™ in DMF:H>O (1:9, v/v)) and their means of fluorescence
intensity (FI) at maxima with their standard deviation (5).
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Figure S11 The calculated vibration frequencies of 1 at a minima state
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Figure S12 The calculated UV/Vis spectra of 1 at a minima state against the measured one in DMF and DMF:H,0 1:9
v/v.
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1+Cu?*E

Figure S13 Optimized geometry structure of 1+Cu?* Enol at Sy and its calculated frontier molecular orbital

Table S1 Calculated primary bond length (A) and bond angle (°) of the optimized enol-keto of 1 at Sp and S; state.

1-Enol So

1-Keto So

9
1-Enol S,
? ‘/J 1-Keto Si
D--. 9 ¢ »
J—")) L - - a9 99 3
Lt The LI,
2908 P s 4
-@ ?
29 e
(So) (S1) (So) (S1)
O19-Hao 0.960 0.991 1.650 1.770
H20-Nai 1.861 1.745 1.000 1.034
O19-H20-N2; 126.1° 146.2° 131.1° 133.3°
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Table S2 The calculated frontier molecule orbital of 1-Enol and 1-Keto in DMF:H,0

System HOMO (eV) LUMO (eV) E gap (eV) Etotal (a.u.) Etotal (Kcal/mol)
DFT -6.06 -2.68 3.38 -3773.59253487 -2367929,316
1-Enol
TD-DFT -6.06 -2.68 3.38 -3773.48543755 -2367862,112
DFT -5.93 -2.72 3.21 -3773.58728973 -2367926,024
1-Keto
TD-DFT -5.93 -2.72 3.21 -3773.48438848 -2367861,454




