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tion and fluorescence emission
properties of a diaminomaleonitrile-derived
unsymmetrical Schiff base ligand†

Tesfa Oluma Fufa, Hongwei Ma, Ali R. Ayub, Karim Y. Nabat, Yaqoot Khan
and Hui Li *

A novel Schiff base ligand, 2-amino-3-(((Z)-2,5-dihydroxybenzylidene)amino)maleonitrile hemihydrate

(C11H8N4O2$
1
2H2O or H2L), was synthesized by a condensation reaction of diaminomaleonitrile and 2,5-

dihydroxybenzaldehyde in ethanol. Its crystal structure, fluorescence (FL) emission and Zn(II)-detection

properties were studied. The crystal structure of H2L belongs to a face-centered orthorhombic space

group (Fdd2), confirming its crystalline nature. H2L emitted green-colored fluorescence in MeCN, EtOH,

and DMF, with varying FL yields of 0.53, 0.68, and 0.95, respectively. This suggests that the solvent

environment plays a crucial role in modulating the FL properties of H2L. In DMF, the gradual addition of

Zn(II) to the H2L solution resulted in a color change from yellow to orange, accompanied by the

appearance of new absorbance bands at 494 nm and two isosbestic points at 300 and 440 nm. These

phenomena were not observed either in MeCN or EtOH, indicating that Zn(II)-H2L binding was more

pronounced in DMF. Thus, H2L demonstrated sensitive Zn(II) binding, with a 1 : 1 binding stoichiometry,

a high binding constant (3.745 × 107 mM−1), and a low limit of detection (3.455 × 10−6 mM). Overall, the

findings highlight the potential of the novel crystalline H2L for efficient FL emission and sensitive Zn(II)

detection in DMF, suggesting its potential utilization for fabricating light-emitting organic devices and

metal-ion sensors.
1. Introduction

In recent years, Schiff bases have received considerable atten-
tion in coordination chemistry and materials science due to
their ability to bind metal ions and their interesting optical
properties.1–3 In particular, aromatic Schiff bases, such as ortho-
hydroxybenzaldehyde groups, have demonstrated strong uo-
rescence responses through excited-state intramolecular proton
transfer (ESIPT).4 ESIPT-active molecules offer distinctive
features, such as a large Stokes shi, dual spectra, ultrafast
recovery, and sensitivity to the surrounding environment.5

Diaminomaleonitrile-derived Schiff bases have shown remark-
able properties in various studies6–10 through their electron-
donating and -withdrawing groups, which can modify the
electronic properties of the resulting compounds.

Zn is an essential trace element in many environmental and
biological processes, but an imbalance in Zn(II) ion concentra-
tion11 can cause health problems, particularly when Zn is
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ingested in human nutrition.12 The WHO's13 recommended
maximum level of Zn(II) in drinking water is 46 mM. Conse-
quently, several complex analytical detection methods14 have
been developed and applied to detect Zn. Thus, the develop-
ment of novel molecules and simple methods15–18 to detect Zn
ions is relevant in both environmental and health/medical
elds.19–21 Usually, it is difficult to detect Zn(II) in coordination
complexes within the visible range due to the lled 3d orbitals
and the weak polarizability of the solvent used during the study.
The ligand elds around Zn(II) create highly symmetric envi-
ronments that can suppress electronic transitions, leading to
“spectral silence” in spectroscopic analyses.22,23

To address the aforementioned issues, we developed a novel
diaminomaleonitrile-derived unsymmetrical Schiff base,
namely, 2-amino-3-(((Z)-2,5-dihydroxybenzylidene)amino)mal-
eonitrile hemihydrate (H2L). The developed H2L is highly polar
due to its multiple donor–acceptor functional groups, which
contribute to its supramolecular interactions, uorescence
emission, and ionic metal binding. The uorescence emission
and Zn(II) detection potentials of H2L were evaluated in MeCN,
EtOH and DMF. The results indicated that H2L emitted green
light uorescence in each solvent, with varying uorescence
yields. In DMF, the gradual addition of Zn(II) into H2L solution
resulted in a color change from yellow to orange, accompanied
by the appearance of new absorbance bands and isosbestic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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points, which were not observed either in MeCN or EtOH. This
suggests that the solvent environment plays a crucial role in
modulating the properties of H2L. This study offers valuable
insights into the design of future materials for applications in
areas such as uorescence,24 bio-detection and environmental
monitoring,22 and organic electronics and photonic devices.25
2. Experimental section
2.1. Synthesis and recrystallization

H2L was synthesized according to the previous references.9,26 All
the chemicals used in the experiments were purchased from
Sigma-Aldrich or Merck.

In the synthesis, into two beakers each containing EtOH (50
mL), 0.03903 g of 2,5-dihydroxybenzaldehyde (2,5-DHBA) and
0.03055 g of diaminomaleonitrile (DAMN) were added, respec-
tively. The mixtures were stirred on a hot plate for 0.5 h. The
rst solution was then transferred into a 250 mL round-bottom
ask and the second solution was added dropwise followed by
3 mL of AcOH. The mixture was reuxed for 4 h, aer which it
was allowed to cool to room temperature (RT) for 2 h. The
resulting precipitate was ltered by gravity ltration, washed
with excess EtOH, and dried at RT for 2 days, giving 0.06 g of
H2L (Fig. S1d and S2a†), as obtained by weighing on an
analytical balance.

Single crystals of H2L were grown based on a previous
study.27 In brief, in a 25 mL beaker, 0.0664 g of H2L was dis-
solved in H2O (3mL) andMeCN (5mL), stirred for 0.5 h at 80 °C,
ltered by gravity ltration, covered with a needle-punctured
para-lm and allowed to stand in a cool place without any
perturbation. Aer 10 days, suitable single crystals were ob-
tained (Fig. S2b†).
2.2. Characterization

2.2.1 Single crystal X-ray diffraction. A suitable single
crystal of H2L (0.35 × 0.30 × 0.25 mm3) was carefully extracted/
selected from the growth medium using tweezers, mounted on
the X-ray diffraction (XRD) instrument sample holder using
a minimal amount of adhesive, and the data were collected on
a Bruker D8 Venture diffractometer equipped with MoKa radi-
ation (l = 0.71073 Å).

2.2.2 Powder X-ray diffraction. Using mortar and pestle,
the obtained single crystals were ground into a ne powder to
ensure random orientation of crystallites and to enhance the
interaction with the X-ray beam. Then, the powder XRD patterns
were recorded on a Bruker D8 Advance diffractometer equipped
with monochromatic CuKa radiation (l= 1.5418 Å), operated at
40 kV and 30 mA, and the diffraction intensity data were ob-
tained by scanning at 2 min−1.

2.2.3 TGA analysis. First, 9.1 mg of the H2L sample was
weighed on an analytical balance, and then placed on an
alumina crucible, and heated from 40 °C to 800 °C at a heating
rate of 10 °C min−1 using a NETZSCH STA 449F5 instrument
under an inert atmosphere.

2.2.4 UV-vis spectra. Stock solutions of H2L (2.5 × 10−5 M)
and Zn(NO3)2$6H2O (2.5 × 10−3 M) were separately prepared in
© 2025 The Author(s). Published by the Royal Society of Chemistry
DMF, EtOH and MeCN. The concentration of H2L was kept
constant and different volumes of Zn(II) ions (from 06 to 60 mL)
were added to the H2L solution. The absorbance spectra were
performed using a TU-1950 UV-vis spectrophotometer.

2.2.5 Fluorescent spectra. A stock solution of H2L (2.5 ×

10−5 M) was prepared in DMF, EtOH andMeCN, respectively. At
RT, the FL emission spectra were recorded using a Hitachi F-
7000 FL spectrophotometer. Then, 3 mL of H2L solution was
placed in a quartz cell (1 cm2), and its FL spectrum was
measured at lex = 400 nm, with an excitation slit width of
5.00 nm, emission slit width of 5.00 nm, at a scan rate of 2400
nm min−1 and a PMT voltage of 850 V. The spectrum of the
solution was obtained between 400 and 600 nm. The FL emis-
sion yield of H2L was calculated relative to RhB (lex = 350 nm,
lem = 703 nm, FFL = 0.65, in EtOH at 25 °C)42 as standard
following the formula given by Crosby and Demas:43

VFL ¼ Vs

�
Fx

Fs

��
fs

fx

��
Is

fx

��
hx

2

hs
2

�
(1)

where F, x, s, F, h and f are the FL yield, sample, standard, area
under the FL spectrum (Fig. S8–S11†), refractive index of the
solvent used and absorption factor at lem, respectively. Also, f =
1 − 10−A, where A is the absorbance (Fig. S5†).

2.2.6 1H NMR spectra. At 25 °C, 5 mg of H2L was dissolved
in 600 mL of DMSO-d6 solvent and then transferred into a clean
and dry NMR tube. The NMR tube was sealed with a plug to
prevent evaporation of the solvent and contamination. The
spectrum of H2L was recorded on a Bruker AV 400 spectrometer
using TMS standard. 6.79 (d, J= 2 Hz, 1H, C(3)H), 7.38 (dd, J= 2
and 9 Hz, 1H, C(4)H), 8.50 (l, 2H, NH2), 7.83 (s, J= 9 Hz, 1H, C(6)
H), 8.95 (l, 1H, OH), 9.76 (s, 1H, N]CH) and 10.33 (l, 1H, OH).

2.2.7 Elemental analysis. Here, 2 mg of H2L was weighed
and elemental analysis was performed on a PerkinElmer 240
Elemental Analyzer, and the proportions of C (57.89%), H
(3.53%), N (24.55%) and O (14.02%) were obtained.

2.2.8 FT-IR measurements. Using a mortar and pestle,
1 mg of H2L was nely crushed along with 100 mg of KBr to
make KBr pellets by compressed them into a pellet using
a hydraulic press. The spectral data of the pellets were then
recorded on a Bruker AlPHA FT-IR spectrometer, with peaks
observed at 3466–3337 cm−1 (related to –OH and NH2), 2240
and 2228 cm−1 (related to –CN), and 1627 cm−1 (related to –

HC]N–).

3. Results and discussion
3.1. Synthesis

Following the previous references,9,26 H2L (Scheme 1) was
successfully synthesized via a condensation method by reux-
ing equal moles of diaminomaleonitrile (DAMN) and 2,5-
hydroxybenzaldehyde (2,5-DHBA) in EtOH and AcOH. The
solution was then cooled at RT, ltered under vacuum, washed
with ethanol, dried at room temperature, and nally the
product was recrystallized from MeCN/H2O solution.

The percentage yield (Y%) of H2L was calculated using the
balanced reaction equation, theoretical yield (TY), actual yield
(AY), limiting reactant mole (nLR), LR stoichiometric coefficient
RSC Adv., 2025, 15, 24192–24201 | 24193
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Scheme 1 Schematic representation of the condensation synthesis of H2L.
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View Article Online
(kLR) andmolar mass of the product (i.e., MH2L= 228.21 g) using
eqn (2) and (3).

C7H6O3 þ C4N4H4 !D C11H8N4O2 þH2O (2)

Y ¼ AY

TY
� 100 ¼ AY

nLR � kP

kLR

� 100 (3)

3.2. Crystal structure

The crystal structure of H2L was determined using Olex2 (ref.
28) with the SHELXT29 structure solution program using
Intrinsic Phasing and rened with SHELXL30 using least squares
minimization. The SC XRD analysis proved that H2L was crys-
tallized as a hemihydrate (C11H8N4O2$

1
2H2O) and belonged to

a face-centered orthorhombic space group (Fdd2). Fig. 1a,
Tables 1 and S2–S4† present the molecular structure, crystal
data and atomic parameters, respectively. The molecule adop-
ted a planar conformation as a result of the strong H-bonding
between the H(1) and N(1) with a distance of 1.985 Å and an
angle of 138.75°. Also, the at nature of H2L may be due to the
Fig. 1 SC structure (a), H-bonding (b), p–p interactions (c), and PXRD p

24194 | RSC Adv., 2025, 15, 24192–24201
extended p-conjugation to the peripheral nitrile groups. This
allowed us to investigate the supramolecular structures, which
have been reported to directly impact the uorescence proper-
ties of compounds.44

Notably, the crystal packing exhibited strong H-bonding
(1.94–2.49 Å, Fig. 1b) and p–p stacking (3.375 Å, Fig. 1c)
between the adjacent H2L molecules, which may contribute to
strong uorescence properties by allowing a greater excitation
energy. In rigid structures, molecular vibrations and rotations
are restricted, which reduces the non-radiative relaxations
where the energy absorbed is dissipated as heat instead of being
emitted as uorescence. By reducing the non-radiative path-
ways through increasing the rigidity, the uorescence potentials
can be increased. Due to their orthorhombic symmetry, the H2L
molecules were arranged in offset parallel along the crystallo-
graphic axis in order to minimize the repulsive forces between
the electron-dense regions and the voids between the rings
(Fig. 1c). Such condensed molecular arrangements are bene-
cial for efficient electron transfer among orbitals and is rec-
ommended for strong uorescence emission, particularly in
polar organic solvents.
attern (d) of H2L.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structural refinement of H2L

Parameter Data

CCDC number 2402446
Molecular formula C11H8N4O2$

1
2H2O

Formula weight (g mol−1) 237.22
Temperature (K) 296.15
Crystal system Orthorhombic
Space group Fdd2(43)
Unit cell dimensions (Å) a = 19.936(7), b = 57.668(19), c = 3.7770(13)
Unit cell angles (°) a = b = g = 90
Unit cell volume (Å3) 4342(3)
No. of molecules per unit cell, Z 16
Calculated density, rcalc (g cm−3) 1.451
Linear absorption coefficient, m (mm−1) 0.108
F (000) 1968.0
Crystal size (mm3) 0.35 × 0.3 × 0.25
Radiation MoKa (l = 0.71073)
2q Range for data collection (°) 2.824 to 52.48
Index ranges −19 # h # 15, −44 # k # 56, −3 # l # 3
Reections collected 2199
Independent reections 1037 [Rint = 0.0743, Rsigma = 0.1073]
Data/restraints/parameters 1037/1/165
Goodness-of-t on F2 1.068
Final R indexes [I $ 2s (I)] R1 = 0.0675, wR2 = 0.1491
Final R indexes [all data] R1 = 0.1008, wR2 = 0.1769
Largest diff. peak/hole/e Å−3 0.27/−0.25
Flack parameter −8.8(10)

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
:0

9:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The PXRD pattern of H2L showed a series of sharp peaks at
2q angles corresponding to the interplanar distances (d)
according to Bragg's law (nl = 2d sin q), Fig. 1d. Thus, the PXRD
technique proved the crystallinity and phase purity of H2L,
which also agreed with the elemental analysis data.

Furthermore, the structure of H2L was supported by various
analytical techniques, including FT-IR, 1H NMR and elemental
analysis. The elemental analysis showed the presence of C
(57.89%), H (3.53%), N (24.55%) and O (14.02%), consistent
with the structure. Also, the calculation of the empirical
formula ofH2L based on these aforementioned percentages
conrmed its purity. The 1H NMR spectrum (Fig. S3†) of H2L in
DMSO-d6 showed a singlet at 10.33 ppm (H(1)) and peaks at
9.76, 8.95, 8.50, and 7.83–6.79 ppm corresponding to H(7), H(2),
H(4A & 4B), and H(5, 3 & 2), respectively. The downeld shi at
10.33 ppm was due to H(1), which participated in intra-
molecular hydrogen bonding. The FT-IR spectrum of H2L in
a KBr pellet (Fig. S4†) provided evidence of the mono-imine
nature (–HC]N– at 1627 cm−1), while the nitriles (–HC]N–)
stretching modes were split into two bands at 2228 and
2240 cm−1, which were assigned to the symmetric and asym-
metric stretching modes, respectively.49 This was in contrast to
the single band observed for the symmetric di-imine nature (at
2210 cm−1).31 Also, the narrow peaks between 3197 and
3466 cm−1 were attributed to the –(H–N–H) and –(O–H)
stretching vibrations.26

To investigate the thermal stability, a sample of H2L was
heated from 40 °C to 800 °C at a heating rate of 10 °C min−1

under an inert atmosphere, Fig. S13.† The graph's small decline
(40–150 °C) indicated the weight loss percentage of hemi-water
© 2025 The Author(s). Published by the Royal Society of Chemistry
(4.43%), which was observed in the single-crystal molecular
structure, while the observation of a plateau region (150–250 °C)
suggested the thermal stability of the ligand aer the loss of
hemi-water. The next signicant weight loss percentage seen at
250 °C was related to the loss percentage of an amine group
(12.32%) while the nal weight losses percentage (beyond 250 °
C) may be due to the gradual decomposition of the other
organic moieties.
3.3. Fluorescence study

Aer determining the crystal structure, we investigated the UV-
vis absorbance and uorescence emission spectra of H2L in
various polar organic solvents, namely, DMF, EtOH, and MeCN,
because it is known that the electronic transitions of Schiff
bases are strongly inuenced by the nature of the medium.32 In
each solution, the color of H2L appeared yellow under room
light (see the inset image of Fig. 2a) and green under ultraviolet
light (see the inset image of Fig. 2b).

First, we studied the absorbance spectra (Fig. 2a) and found
that the maximum absorbance wavelength was shied from
342 nm to 402 nm, whichmay have been due to the excited-state
dipole moment changes, H-bonding strengths (Fig. S6†), and/or
due to excited-state protonation.33,34 The inuence of the
solvents on H2L absorbance increased in order of: MeCN (342
nm) < EtOH (348 nm) < DMF (402 nm). Thus, DMF was the best
polar aprotic solvent in this case.35,36 The lmax redshi (402 nm)
indicated that DMF could strongly stabilize the H2L excited
state. In DMF and between 280 and 600 nm, the absorption
spectra of H2L showed two absorption peaks (352 and 402 nm),
RSC Adv., 2025, 15, 24192–24201 | 24195
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Fig. 3 Fluorescence emission mechanisms of H2L via ESIPT; S = DMF,
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which were due to the intra-ligand charge transitions (ILCT or n
/ p*).37,46

Next, we studied the FL emission spectra (Fig. 2b) of H2L in
each solvent. Notably, the H2L sample was suspended in each
solvent with a concentration of 25 mM, and then excited at
400 nm. The samples exhibited green emission at 544 nm in
DMF, 533 nm in EtOH, and 521 nm inMeCN. The inset image in
Fig. 1b conrmed this result under UV light (365 nm) irradia-
tion. Further, in each solvent, the FL spectrum of H2L revealed
a systematic Stokes's shi (Dl = lem − lab = 142 nm in DMF,
132 nm in EtOH and 121 nm in MeCN), which reected the
charge-separated nature of the excited states.38,39 Thus, H2L
showed the highest charge separation and highest uorescence
in the presence of DMF, whereas the other two solvents were
relatively less polar. In each solvent, the weak band around
455 nm was due to some excited enol emission and the strong
peaks at 521 nm in MeCN, 533 nm in EtOH and 544 nm in DMF
were due to the excited keto emission of H2L. These dual
emissions are characteristics of ESIPT-exhibiting molecules.40,41

In DMF solution, the emission band of H2L at 544 nm was
further redshied and more intense compared to in EtOH and
in MeCN, indicating a strong preference for the excited keto
emission, which may be due to its highest refractive index,
highest dielectric constant, most polar nature and high polar-
izability. Thus, the spectral redshis observed at lab = 402 nm
and at lem = 544 nm suggest that DMF could strongly stabilize
H2L (Fig. 2).

In the solution state, the observed dual peaks in the above
spectra (Fig. 1a and b) conrmed that H2L existed in two
isomeric forms (i.e., enol tautomeric form, see Fig. S12a,† and
the keto tautomeric form, see Fig. S12b†). Following eqn (1), the
calculated FL emission yields ofH2L were 0.53 in MeCN, 0.68 in
EtOH, and 0.95 in DMF.

Both the UV-vis and FL spectral analyses proved that DMF
was the strongest electron donor compared to EtOH and MeCN.
The amide group in DMF has a highly polarizable oxygen atom
with lone pairs, making it a strong Lewis base. This allows DMF
to donate electrons effectively to the electron-decient regions
Fig. 2 UV-vis absorbance (a) and FL emission (b) spectra of H2L in diffe

24196 | RSC Adv., 2025, 15, 24192–24201
ofH2L, stabilizing the Lewis acidic sites in the compound. EtOH
was an intermediate electron donor. Although it has polarizable
oxygen atom with lone pairs, its primary interactions involve
donating protons rather than electrons because it is a protic
solvent with an –OH group. This limits its electron-donating
capacity compared to DMF. MeCN was the weakest electron
donor. The nitrile group in acetonitrile is a weak Lewis base due
to the electronegative sp-hybridized nitrogen, which poorly
donates electrons. It primarily acts as a polar aprotic solvent
with low basicity.

The uorescence emission mechanisms of H2L are shown in
Fig. 3. Upon photo-irradiation, the ground state enol form of
H2L (E) relaxes to its excited-state enol form (E*), from where
some of the absorbed photons return to the E while emitting E*-
FL and the others relax to the excited-state keto form (K*) via an
ESPT process due to the redistribution of electronic charges.
Then, K* decays to K while emitting K*-FL. Finally, K will turn
back to E by a reverse proton transfer (RPT).45 This overall
processes are called photo-tautomerism.

Furthermore, based on the former literature,45 in order to
understand the dual-uorescence emission, reactive regions
and frontier orbitals of H2L's tautomeric forms, we performed
density functional theory (DFT) calculations using the Gaussian
rent solvents.

EtOH or MeCN.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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09 soware package at the B3LYP/6-31G(d) level. The molecular
electrostatic potential of H2L (Fig. S12a and b†) showed the
nucleophilic region was near the oxygen atoms and nitrogen
atoms and these regions were signicant for accepting and
donating hydrogen bonds within the supramolecular structure.
The blue color in the gures indicates the electron-accepting
region and the red-color indicates the electron-donating
region. The HOMO was mainly distributed on the benzene
ring and C–C double bonds, while the LUMO isosurface was
mainly located around the N of the DAMN skeleton. When
electrons absorb energy, they move from the HOMO to LUMO.
The calculated energy gaps were 3.16 eV for the H2L enol form
(see Fig. S12c†) and 3.00 eV for the H2L keto form (see
Fig. S12d†), which conrmed the reliability of the aforemen-
tioned dual-uorescence emission mechanisms. As a result, the
observed uorescence property of the H2L supra-molecules
were dominated by the keto-uorescence emission rather than
the enol-uorescence emission, particularly in DMF solution.
3.4. Zn(II) selectivity study

To assess the selectivity of H2L for Zn(II), various experiments
were conducted by introducing potential ions such as Cu(II),
Ni(II) and [NO3]

− into a solution of H2L in 50% DMF/tris–HCl
buffer (pH 7.4, 25 °C), following established protocols.51 Spec-
trophotometric titrations of H2L with Zn(II) ions produced
Fig. 4 UV-vis absorbance spectra (a), FL emission spectra (b), Job's plot (c
the color changes of H2L upon Zn(II) addition under natural light (1) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
a redshied absorbance band (at 494 nm) compared to the
absorption bands of the competing ions (Fig. S17a, S18c and
S19e†). Also, the spectrouorometric titrations of H2L with
Zn(II) induced FL TURN-ON (at lem= 544 nm and lex= 400 nm),
attributed to structural-rigidication and non-radiative-decay
suppression via a chelation-enhanced uorescence (CHEF)
mechanism. The solution was accompanied by a clear color
change from bright-orange to bright-green under a 365 nm UV
lamp, Fig. 4b(2). Hence, the emission occurred from a ligand-
centered excited state (p / p*) and was more efficient due to
the reduced vibrational relaxations.

Conversely, the paramagnetic Cu(II) and Ni(II) ions caused FL
TURN-OFF (Fig. S17(b) and S18(d)†), via photoinduced electron
transfer (PET) and d–d transition-mediated non-radiative decay
pathways. Their respective solutions were accompanied by
weak-green emission under a 365 nm UV lamp, Fig. S16(e and
f).† However, the nitrates did not produce effective spectral
(Fig. S19(e and f)) or color (Fig. S16(g)†) responses under the
same experimental conditions as they were incapable of coor-
dinating with the ligand's donor sites. This distinct ion-specic
behavior demonstrates H2L's potential as a selective FL sensor
for Zn(II)(TURN-ON FL). Zn(II) is a borderline Lewis acid, which
meant it could bind well with the nearby donor sites of H2L in
a highly polar DMF and caused FL TURN-ON. Also, Cu(II) and
Ni(II) are borderline acids but caused FL TURN-OFF due to their
paramagnetic effects, which promoted intersystem crossing
), and Benesi–Hildebrand plot (d) ofH2Lwith Zn(II) in DMF. Insets show
UV light (2).

RSC Adv., 2025, 15, 24192–24201 | 24197
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(ISC) from the ligand's singlet excited state (S1) to the metal's
triplet state (T1).50 Overall, the selectivity of H2L towards Zn(II)
was demonstrated by a redshi in the UV-vis spectra (at labs =
494 nm), by FL TURN-ON (at lem = 544 nm) and by the color
change from right-orange to bright-green under a UV lamp.

Further, to assess the selectivity of H2L for Zn(II), uoro-
metric competitive binding experiments were conducted by
introducing the potential interferent ions Cu(II), Ni(II) and
[NO3]

− into a solution containing H2L and Zn(II) (Fig. S20†).
Upon adding 60 mL of Cu(II) to the H2L-Zn(II) mixture, the
uorescence intensity dropped sharply to 613 due to Cu(II)'s
competitive binding and paramagnetic quenching. For Ni(II),
the uorescence decreased moderately to 2105, reecting the
partial Zn(II) displacement and weaker quenching. In contrast,
[NO3]

−caused no signicant change (2970 vs. 3000), as it could
not coordinate with H2L. Thus, the interference order was:
[NO3]

− � Ni(II) < Cu(II).
3.5. Zn(II) binding study

Although the single-crystal structure determination of the Zn(II)-
H2L complex was unsuccessful despite repeated efforts, UV-vis
titration experiments conrmed the coordination interaction
between H2L and Zn(II). Upon the gradual addition of Zn(II) to
H2L in DMF (Fig. 4a), EtOH (Fig. S14†), and MeCN (Fig. S15†),
the yellow solution turned orange in each solvent. In DMF, the
absorbance bands of H2L (402 and 352 nm) decreased, accom-
panied by the appearance of two isosbestic points (440 and 300
nm) and a new band at 494 nm. These spectral changes indi-
cated Zn(II) binding to the three donor sites of H2L, facilitated
by the removal of the acidic proton H(1) and the basic proton
H(4A) (Fig. 5). The presence of isosbestic points suggests the
direct formation of a stable complex without intermediates. The
new band at 494 nm likely arose from ligand-to-metal charge
Fig. 5 Sensing mechanisms of H2L and its Zn(II) coordination in DMF so

24198 | RSC Adv., 2025, 15, 24192–24201
transfer (LMCT),24 where electrons shied from the donor
atoms (O/N) to Zn(II) (3d10 4s0) or from Zn(II) (3d10) to H2L,
enhanced by the two strong electron-withdrawing –CN groups.

To determine theH2L-Zn(II) binding stoichiometry, Job's plot
analysis was performed using the continuous variation method.
As shown in Fig. 4c, the absorbance measured at 494 nm
exhibited a maximum at a Zn(II) mole fraction (cZn(II)) of 0.5,
conrming a 1 : 1 binding ratio. The data were analyzed
according to eqn (4) below.47

YZnðIIÞ ¼ nZnðIIÞ
nZnðIIÞ þ nH2L

(4)

where nZn(II) is the number of moles of Zn(II), and nZn(II) is the
number of moles of H2L.

The binding constant (3.745 × mM−1) of Zn(II) with H2L was
calculated using a Benesi–Hildebrand plot (Fig. 4d) or (eqn
(5)).15�

1

A� AO

�
¼ 1

KaðAmax � AOÞ

 
1�

Zn2þ�
!

þ
�

1

Amax � AO

�
(5)

where AO is the absorbance of H2L in the absence of Zn2+ at
494 nm, A�is the absorbance mean of the mixtures, Amax is the
absorbance of the mixtures at the highest Zn2+, [Zn2+] is the
highest concentration of Zn(II) and Ka is a binding constant,
which was also calculated from the slope (m) of a straight line
plot of 1/(A − A0) and 1/[Zn(II)], where Ka was determined from
the intercept/slope ratio.48

The detection limit (DL) of Zn(II) by H2L was calculated as
3.455 × 10−6 mM using the standard deviation (s) of the UV-vis
absorbance of H2L (see Table S1, eqn (S1) and (S2)†) and the
slope (m) of the linear regression curve (Fig. 4d), and following
eqn (6):47
lution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DL ¼ 3s

m
(6)

The determined limit of detection of H2L for Zn(II) was
signicantly lower than that of the existing ref. 13. This shows
the sensitivity of the UV-vis spectroscopy approach and the
selectivity of H2L in DMF solution.

3.5.1 Sensing mechanisms. The freeH2L exhibited good FL
through an ESIPT process between its nearby hydroxyl and
imine groups. Upon Zn(II) addition, a 1 : 1 L-Zn(II)–DMF
complex forms via coordination to the imine-N, the deproto-
nated hydroxyl-O and amine-N sites, as shown by the following
eqn (7):

H2Lþ ZnðNO3Þ2$6H2OþDMF!D

ZnL$DMFþ 2HNO3 þ 6H2O (7)

The complexation was evidenced by a new absorbance band
at 494 nm, clear isosbestic points at 300 and 440 nm, a strong
emission band at 544 nm, and a 50 nm Stokes shi (494/ 544
nm). The coordination rigidied the molecular structure,
leading to a suppression of ESIPT, reduction of the non-
radiative decay pathways and the emergence of strong FL at
544 nm through the CHEF effect. The TURN-ON response and
visible color changes conrmed this as a characteristic Schiff
base-Zn(II) chemo-sensing system, where metal chelation-
enhanced emission by restricting molecular motions and
extending p-conjugation. The proposed binding mechanism
(Fig. 5) for H2L with Zn(II) in DMF is presented below in Fig. 5.
4. Conclusion

A highly crystalline, uorescent and Zn(II)-detection novel
ligand system H2L was synthesized by a condensation method
and was characterized by various techniques (SC XRD, PXRD,
UV-vis, FL, FT-IR, 1H NMR and TGA). H2L is highly polar due to
its multi donor–acceptor functional groups, which contribute to
supramolecular interactions, FL emissions, and metal-ion
binding. H2L is a yellow solid that is insoluble in water, but
highly soluble and stable in polar organic solvents.

In solution, the H2L existed as an enol form and keto form.
H2L was found to be thermally stable up to 250 °C. The FL
emission and Zn(II) ion-binding abilities of H2L were studied in
MeCN, EtOH and DMF, separately. Notably in each solvent, H2L
emitted green light with varying FL emission yields of 0.9491 in
DMF, 0.68 in EtOH and 0.53 in MeCN. The UV-vis and FL
spectral analyses prove that DMF was the strongest electron
donor compared to EtOH and MeCN due to its highly polariz-
able oxygen atoms, which can stabilize H2L.

Furthermore, the binding of H2L with Zn(II) was studied by
UV-vis spectroscopy in the presence of DMF, EtOH and MeCN,
separately. Obviously, there were no spectral changes for EtOH
or MeCN in the visible range upon Zn(II) titration with H2L.
However, upon Zn(II) titration with H2L in DMF, a new spectral
band appeared at 494 nm along with two isosbestic points at
© 2025 The Author(s). Published by the Royal Society of Chemistry
300 and 440 nm. Therefore, for the L-Zn(II)-DMF, a 1 : 1 stoi-
chiometric ratio, a strong binding constant (3.745 × 107 mM−1),
and a signicantly low detection limit (3.455 × 10−6 mM) were
calculated. Overall, these ndings suggest that the developed
H2L could be utilized for fabricating green light-emitting
organic diodes in the materials science eld and for detecting
metal ions in the environmental and biological sciences elds.

Data availability

Additional data of this article are provided in the ESI.† Crys-
tallographic data of H2L can also be obtained from the CCDC
using the 2402446.
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