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ered naphthylthioic-based ionic
probe with dual emissive channels exhibiting CHEF
and CHEQ effects†

Martha N. Amputu, Johannes Naimhwaka and Veikko Uahengo *

A naphthylthioic-based emissive probe (M) bearing a hydroxyl and amine group was designed and

synthesized via a one-step Schiff base reaction process. The probe was characterized spectroscopically

using 1H NMR, UV-Vis and fluorescence spectrophotometers. The probe turned out to be

spectroscopically and colorimetrically selective and sensitive to multiple cations and anions. Interestingly,

the probe displayed characteristics of excited-state intramolecular proton transfer (ESIPT)-driven dual

emissive channels; experiencing fluorescence enhancement upon the molar additions of Al3+ as well as

the anions used, events presumably ascribed to chelation fluorescence enhancement (CHEF), hydrogen

bonding and deprotonation effects. Moreover, the fluorometric titration with Hg2+ resulted in ratiometric

spectral behaviors of M, with the disappearance of the peak at 450 nm, concomitant with the

appearance of a new peak at 520 nm, distinguished by a clear isosbestic point, the same behaviors

exhibited by Sn2+ and Ag+ analytes towards M. The introduction of all other cations used, resulted in

fluorescence quenching, attributable to chelation enhanced fluorescence quenching (CHEQ), thereby

inhibiting the ESIPT process. The experiments were all carried out in the aqueous environment medium

of DMSO–H2O (9 : 1) at ambient temperature. Theoretical density functional theory calculations were

carried out to gain insight into the interaction of M with cations and anions, and their influence on the

HOMO–LUMO energy gaps.
1. Introduction

Chemosensing techniques have been at the forefront of
analytical chemistry research in recent times, due to their
simplicity in application and cost-effectiveness, in preparation
and easy access. The quest to develop simpler and more
convenient analytical probes for the detection of heavy metal
cations and biological anions, has seen chemosensing tech-
niques emerging as substantive preferences to replace the costly
traditional techniques such as ICP and AAS.1–4 The demands for
more efficient and easy-to-use sensing probes in the detection
of heavy metals such as mercury (Hg2+), nickel (Ni2+), iron (Fe3+

or Fe2+), zinc (Zn2+), copper (Cu2+) and aluminum (Al3+) have
been high on the priority list.5–15 The ascendance of chemo-
sensing techniques is largely intensied by the upsurge of
industrial effluents, increasingly being discharged in natural
streams on a daily basis, resulting in an unprecedented rise in
toxic wastes, causing environmental hazards and health
problems.16,17
erial Science, University of Namibia, 340
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mation (ESI) available. See
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Recent developments have on record that, heavy metal
contamination has become the epicenters of environmental
pollution, especially in developing countries, by discharging
industrial wastes into underground aquifers. Among the
common industrial pollutants is organic mercury (CH3Hg2+)
which leads to neurological diseases, termed as a “Minamata
Disease” normally caused by excess Hg2+, which is highly lethal
to the physiological system. Ionic and elemental mercury,
usually soluble in water, enters the environment through metal
mining activities, industrial wastes, agricultural pesticides and
volcanic activities. Ionic mercury once consumed does accu-
mulate in physiological organs through food chain, which
results in severe damage to the nervous system, brain, kidney
and endocrine system.18 Generally, the accumulation of any
heavy metal concentrations above their thresholds, in physio-
logical systems, has severe damages to the body.19–25

Exclusively, Al3+ is the third most abundant metal in the
periodic table, highly versatile with distinctively excellent
chemistry. It has the ability to form amphoteric compounds,
especially in its oxidic forms, exhibiting both basicity and
acidity properties, depending on the chemical environment.
Thus, its versatility nature can have adverse effects to environ-
mental and physiological systems in living organisms, should
its concentration le unmonitored. Numerous chemosensing
modulus sensitive and selective to Al3+, have been developed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and reported in literature, particularly the uorometric probes
capable of discriminating Al3+ in environmental samples.26,27

However, this is such a tenacious eld in contemporary space,
the pursuit of uorogenic probes for heavy metals and other
toxic ionic species including Al3+ still remain high on the
priority list.28

Correspondingly, anions too have been attracting concerted
interests in many research fraternities, owing to their various
roles in environmental, clinical and biological applications. In
particular, cyanide has been used traditionally in several
applications such metallurgical processes in mining, bers,
resin industries, and many others. Consequently, cyanide
concentration in environmental spaces has been accumulating,
due to voluminous usage in industries, yielding about 140 k
tons per year of cyanide.29–32 Cyanide is viewed as highly toxic,
that its presence induces the susceptibility of coordinating to
iron ion in biological systems, thus blocking the electron
transfer chain in mitochondria.10,33–36 In addition, other anions
too, have similar adverse effects when present in excess or
uncontrolled quantities. The effects seen with uoride (uo-
rosis and thyroid activities),32,37,38 acetate (as acetyl coenzymes
and food preservation),39–42 cyanate (chronic kidney diseases,
CKD),43,44 hydroxide (corrosive effect at high concentra-
tion)35,45,46 and inorganic dihydrogen phosphate (effect on
signal transduction and energy storage in biological
systems).47–49

Furthermore, excited-state intramolecular proton transfer
(ESIPT), single or dual emitters which are important proton
transfer reactions with efficient uorophores, have been
receiving a fair share of attention lately, due to their attractive
optoelectronic properties, with remarkable large Stokes shis,
strong solid-state luminescence efficiency and environment-
sensitive emission bands.50–55 The applications of uo-
rophores guided by ESIPT mechanisms are widely applied in
many elds of scientic research, ranging from metabolic
process of living systems, biochemistry, analytical chemistry,
laser dyes, molecular memory storage devices, electrophonic
modulation and uorescent probes.56–62 In combination with
intramolecular charge transfer (ICT) mechanism, the two
(ESIPT and ICT) mechanisms have seen applications extended
to optoelectronic materials, solar cells, ion detectors, chemo-
sensors, and thin lm transistors.63–65 The robustness of the two
mechanisms (ESIPT and ICT) coupled in a single molecule have
been investigated in organic molecules over the past years.
Recently, there has been reports on comparative studies and
their effects on ESIPT and ICT mechanisms. For instance,
studies on ICT versus ESIPT in pyridine imidazole and in
cyclodextrin complexes have been reported, which included
uorescent sensing, based on ESIPT and ICT. In other accounts,
benzothiazoles have been reported, describing pH effect on
ESIPT and ICT, harnessing ESIPT and ICT processes in imines
derivatives, triple-signaling mechanisms in Schiff bases and
a dual mechanism strategy in imidazole.66–70

In this work, we are reporting a uorescent dual molecular
probe (M) bearing a hydroxyl and an amine group, thus exhibit-
ing the ESIPT mechanism. The probe was designed to exploit the
ESIPT mechanism known to exhibit excellent molecular
© 2022 The Author(s). Published by the Royal Society of Chemistry
recognition properties towards cations and anions, capable of
forming tautomeric isomers. The probe was synthesized through
a one-step Schiff base reaction mechanism at room temperature.
The reaction mechanism of M is shown in Scheme 1.
2. Experimental
2.1 General

All reagents were of analytical grade, and were used as received
from the commercial sources, unless mentioned. UV-Vis spec-
troscopy was performed on PerkinElmer Lambda 35 spectro-
photometer in a standard 3.0 ml quartz cuvette with 1 cm path
length. 1H NMR spectra were recorded on a Varian Mercury VX-
300 MHz spectrometer in DMSO-d6, elemental analyses (CHN)
were carried out on a PerkinElmer 240C analytical instrument.
Fluorescence studies were carried out on a steady state excita-
tion and emission spectra on the Molecular Device SpectraMax
M2, Plate Reader. All the measurements were carried out at
ambient temperature. The density functional theory (DFT)
calculations at B3LYP/6-31G** were performed using a Spartan
’14 package soware.29
2.2 Synthesis procedures

The synthesis of M was as follows. The ethanolic solution (15
ml) of 2-hydroxy-1-naphthaldehyde (1) (1.00 g, 5.81 mmol) was
mixed drop-wisely with a solution (15 ml) of methyl hydrazi-
necarbodithioic acid (2) (0.71 g 5.81 mmol) while magnetically
stirred, and catalyzed with a few drops of acetic acid. The
solution mixture was stirred for up to one hour at room
temperature, before an orange precipitate appeared in the
solution. The orange precipitate was ltered off and washed
several times with hot ethanol. The product was dried in
vacuum at room temperature and recrystallized from ethanol
(the recrystallized product was further subjected to column
chromatography packed with alumina stationary phase,
yielding the pure product). Yield 1.2811 g, 79.6%. 1H-NMR (300
MHz, DMSO-d6) dH: 13.37 (s, 1H, –OH), 11.06 (s, 1H, –NH–), 9.21
(s, 1H, H7) 8.76 (d, J ¼ 8.58 Hz, 1H, H1), 7.94 (d, J ¼ 8.94 Hz, 1H,
H5), 7.87 (d, J ¼ 7.62 Hz, 1H, H4), 7.59 (ddd, J ¼ 1.32 Hz, J ¼
6.93 Hz, J ¼ 8.46 Hz, 1H, H3), 7.40 (m, 1H, H2) and 7.23 (d, J ¼
8.94, 1H, H6) (Fig. S7†). Elemental analysis (C13H12N2OS2),
calcd. (%) for C, 56.50; H, 4.38; N, 10.14; O, 5.74; S, 23.20; found:
C, 55.32; H, 4.25; N, 9.07.
3. Results and discussions
3.1 Photophysical property studies of M

The physical appearance of M was dened by a light yellow
colour, with good stability at room temperature (Fig. 1a).
Spectroscopically, the identity ofM in dimethyl sulfoxide–water
(DMSO–H2O), was characterized by a few spectral humps with
two prominent absorption peaks; a high-energy band at 267 nm,
as well as the intense band at 384 nm (Fig. 1b). Generally,
absorption bands in the shorter wavelength region are attrib-
uted to localized p–p* transitions, while the moderate band
towards the longer wavelength is ascribed to intramolecular
RSC Adv., 2022, 12, 27022–27043 | 27023
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Scheme 1 Synthetic method of M.
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charge transfer, occasionally mixed with a more delocalized p–

p* transitions. In addition to the two peaks, M was further
characterized by a low energy band in the region of 490 nm,
attributed to the visible light-induced charge transfer. The
existence of a visible-light-induced charge transfer band is
a good indication of a potential dye sensitizers for solar cell
application, whereby through judicious tuning of optoelec-
tronic properties, M can be a potential organic dye sensitizer.
The spectral ngerprint was inuenced and characterized by
possible photoinduced tautomeric forms, enol and keto
(ESIPT), as a result of sample exposure to light, during analysis.
Concurrently, the optoelectronic properties of a dye sensitizer
are normally closely related to the chemosensing properties,
since the same charge transfer mechanisms are liable for both
enhanced functions in a molecule.

3.2 Chemosensing property studies

3.2.1 Cation sensing properties. Colorimetrically, the
molar addition of transition metal salt solutions of nitrates/
chlorides (AgNO3, Al(NO3)3, Co(NO3)2, CrCl3, CuCl2, FeCl2,
Hg(NO3)2, MnCl2, NH4NO3, Ni(NO3)2, Pb(NO3)2, SnCl2,
Zn(NO3)2, CdCl2, Sr(NO3)2 and MgCl2) with the probe (M) was
initially accompanied by naked eye observable colour changes,
based on the identity of the metal added (Fig. 2). The yellow
Fig. 1 (a) Physical appearance of M, and (b) UV-Vis absorption spectrum

27024 | RSC Adv., 2022, 12, 27022–27043
colour of M underwent diverse colorimetric changes upon the
addition of cation solutions (Fig. 2), with addition of Cu2+ ion
(olive green), Fe3+ (dark brown) while Hg2+ and Zn2+ (intense
yellow) among others. In general, most color changes observed
varied between light brown and light yellowish as displayed.
Other cations used displayed no signicant noticeable changes,
both spectrally or colorimetrically (Fig. 2). The change in colour
was associated with the chelation induced colorimetric effect
when cations chemically interact with M.

Spectrally, the molar titration of M with cations, both in
DMSO–H2O resulted in distinctive shis in spectra based on the
identity of cations (Fig. 3). The molar addition of Cu2+ to M saw
the emergence of a band in the region of 300 nm simultaneous
with the disappearance of the initially intense peak at 384 nm,
as well as the appearance of another peak at 430 nm (Fig. 3a).
The spectral shis were concomitantly evolving with colori-
metric changes observed (from yellow to olive green) upon
adding copper ions. Spectral changes were attributed to the
charge transfer induced by coordination betweenM and Cu2+ in
a 1 : 1 interaction ratio. The formation of complexed state ofM–

Cu pedant was further complemented by two isosbestic points
at 355 nm and 412 nm, showing more than one species in the
system at equilibrium. The ratiometric patterns could be seen
via the titration prole as displayed (Fig. 3a inset). Similarly, the
of free sensor M (1 � 10�5 M) in DMSO–H2O (9 : 1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Observable colorimetric changes of cations (1 mL drop) upon interacting with M (1 � 10�5 M) in DMSO–H2O, at room temperature.
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titrations with other metal cations (Fe2+, Ni2+, Zn2+) could
induce spectral changes upon interacting with M (Fig. 3b–d),
with titrations proles inserted, respectively. The other cations
that displayed responsive actions were also investigated, and
provided as addendum in the ESI, as shown (Fig. S1†). A
signicant number of cations used did not display any
Fig. 3 The absorption titration spectra and titration profiles (insets) of M
and (d) Zn2+, at room temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
signicant spectral changes (Fig. S2†), as observed in colori-
metric studies.

3.2.2 Anion sensing properties. The interaction of M with
anions was rstly studied via colorimetric changes, observable
by naked eye, in DMSO–H2O. The addition of biological anions
to M was marked by colorimetric changes observable by naked
eye (Fig. 4). The colour changes ranged from light yellow to
(1 � 10�5 M) in DMSO–H2O, with 3 equiv. of (a) Cu2+, (b) Fe2+, (c) Ni2+

RSC Adv., 2022, 12, 27022–27043 | 27025
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Fig. 4 Visually observable color changes M (1 � 10�5 M) upon interacting with anions (1 mL drop) in DMSO–H2O, at room temperature.
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intense shiny yellow, with anions such as CN�, F�, AcO�, OCN�,
OH�, N3

� and H2PO4
� displaying colour changes upon intro-

duced to M. The colour changes are normally associated with
chemical changes undergone by the molecular entity (host)
upon interacting with the external stimuli (guest). Other anions
(HSO4

�, NO3
�, Br�, ClO4

�, Cl� and I�) did not display any
noticeable colour changes when added to M, presumably
signifying a non-chemical interaction with the host (M) as
indicated (Fig. 4).

Furthermore, the naked eye observable colour changes were
complemented by spectroscopic analysis, via UV-Vis titration of
M with anions. As expected, the molar addition of anions, dis-
played distinctive spectral shis, conrming the colour changes
initially observed. The probe has displayed the ability to
discriminate a few anions (CN�, F�, AcO�, OCN�, OH�, N3

� and
H2PO4

�) all together in a similar fashion, aer each was added
to the sensor. Generally, when each of the anion was added to
M, a prominent high-energy peak at 384 nm gradually
decreased to disappearance, with slightly bathochromic shi
characteristics (Fig. 5). The disappearance of the peak at 384 nm
happened concomitantly with the gradual formation of a new
broader absorption peak in the region of 420–500 nm (Fig. 5),
with vibronic characteristics. Specically, the molar addition of
3 equiv. of H2PO4

� and CN� yielded similar spectral behaviors,
where a peak at 384 nm disappeared completely (Fig. 5a & b),
while the same amount of F� and AcO� displayed similar
patterns (Fig. 5c & d). In both occasions, the isosbestic points
were observed, indicating the transformation from M to the
complexed state (M–A). Spectra similarity was an indication that
the nature of interaction between M and these anions had
resemblance. Evidently, the interaction between M and the
anions was through hydrogen bonding mechanism, either
through the –OH or –NH group in the structure of M. Other
anions which have displayed spectral changes such as N3

�, OH�

and OCN� are displayed (Fig. S3†), while those with no signif-
icant changes, either colorimetrically or spectrally have also
been shown (Fig. S4†).
27026 | RSC Adv., 2022, 12, 27022–27043
3.2.3 Job plots of M with cations and anions. Stoichio-
metric interactions of M with cations and anions were
measured using Job plot, by preparing series of anion solutions
(1 � 10�4 M TBA salts) in DMSO–H2O solvent mixture. The
solutions were prepared, each was added to the standard solu-
tion of M (1 � 10�4 M) by variations of molar volumes, from
0 up to 10 ml, e.g. the rst solution was made of 1 ml of guest
ion (anion/cation) then mixed with 9 ml of host (L) successively,
the absorbance of this solution was then measured. This was
done with all different mixing ratios from 1 to 9 of host–guest
combinations, and repeated with all cations and anions listed.

Intrinsically, the Job plot was conducted to determine the
interaction ratios between the host and the guest, experimen-
tally. Thus, upon carrying out the Job plot experiments for
selected anions (AcO�, CN�, F� and OH�), resulting spectra
were quantitatively used to determine the interaction ratio. The
spectral data from the Job's plot showed that the interaction
ratio between the host (M) and the guests (anions) had
distinctive similarity (Fig. 6). Accordingly, the interaction ratio
between M and the selected anions was hinted to be a 1 : 1
(Fig. 6). The structural framework of M displayed strong char-
acteristics of an anion sensor, with the presence of –OH and
–NH groups, which possess acidic protons, normally attracting
negatively charged (basicity) anions.

In addition, the Job plots have presented a glimpse in the
nature of interaction between M and the selected anions. The
proposed interaction mode and mechanism for the anions were
indicated accordingly (Scheme 2), all by way of hydrogen
bonding/deprotonation (M–F, M–CN, M–AcO, M–OH). The
interaction modes (1 : 1) with all anions were by hydrogen
bonding (Scheme 2a–d), which led to deprotonation, when
excess of the analytes were added. The mechanism for the
complexes (M–F, M–CN, M–AcO, M–OH) were commonly
through hydrogen bonding via the two electrophilic protons
(–OH and –NH) in the structure.

Similarly, to study the interaction nature and the bonding
modes ofM with guest cations, Job plot method was used again
(Fig. 7). Accordingly, the spectra obtained revealed that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The absorption titration spectra and titration profiles (insets) ofM (1 � 10�5 M) in DMSO–H2O, with up to 3 equiv. of (a) H2PO4
�, (b) CN�,

(c) F� and (d) AcO� at room temperature.
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interaction ratio betweenM and the selected cations (Cu2+, Ni2+,
Zn2+ and Fe2+) is mixed, with a 1 : 1 and 1 : 2 strongly exhibited.
The spectra suggest that the interaction for M–Cu and M–Zn,
with an absorption maxima centered around 7.0, translating
into a 2 : 1 (2M : Cu and 2M : Zn) as displayed (Fig. 7a & c).
Contrastingly, Job plot spectra for the other two complexes
(M : Ni and M : Fe) exhibited strong characterizes of a 1 : 1
interaction ratio. The absorption maximum of the two plots are
centered at 5.0, which translates into a 1 : 1 interaction ratio
(Fig. 7b & d).

Accordingly, the nature of the probe or ligand (M) can be
classied as a tridentate, possessing two donor/so atoms (N, S
& O), which are proper recipes for coordination induced charge
transfer mechanism. Thus, resulting from the Job plot investi-
gation, the proposed interacting modes have been suggested,
based on a 1 : 1 and 1 : 2 ratio (Scheme 3), accordingly. Clearly,
the interaction modes of M with cations was subsequently
based on coordination through the oxygen, sulfur and nitrogen
atoms in the structure, in which M–Fe and M–Ni (Scheme 3a &
© 2022 The Author(s). Published by the Royal Society of Chemistry
c), exhibit a 1 : 1 binding mode, predicted to form a 6-
coordinate-bonded pedants, high likely to be of tetrahedral and
square planar geometries, respectively.
3.3 Fluorescence studies of M

All uorescence titrations were performed by drawing 3 ml ofM
(1 � 10�5 M) of the solvent mixture (DMSO–H2O) and measure
the uorescence intensity at ambient temperature, where the
excitation wavelength was 390 nm. To this solution (3 ml ofM, 1
� 10�5 M), the molar additions of different ions (cations or
anions) were incrementally added, each one separately, in 0.2
equivalents intervals, till no spectral changes were observed, as
a result the upper titration limit was set at varying equivalents,
based on individual ions, once no changes were observed upon
the addition of certain quantities.

Generally, uorophore probes are oen designed using
a strategy where the structure bears oxygen (from hydroxyl
groups) and/nitrogen donor atoms, with the functions of coor-
dinating to metal ions. Thus, with appropriate functional
RSC Adv., 2022, 12, 27022–27043 | 27027
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Fig. 6 The Job plots of (a) [M–CN], (b) [M–AcO], (c) [M–F] and (d) [M–OH] at 1 � 10�4 M in DMSO–H2O.
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groups incorporated in the structure, for instance a rich in p-
electron naphthyl moiety, such is highly likely to exhibit the
excited-state intramolecular charge transfer (ESIPT) mecha-
nism. Moreover, upon interacting with cations or anions, the
uorescence properties of the probe are highly likely to be
affected, attributed to chelation-enhanced (or quenching) uo-
rescence mechanism (CHEF and CHEQ). The CHEFmechanism
normally results in the inhibition of the ESIPT process and the
Scheme 2 The proposed binding models of (a) M–F, (b) M–CN, (c) M–A

27028 | RSC Adv., 2022, 12, 27022–27043
corresponding C]N isomerization, which at times increases
the rigidity of the structure. Basically, the emissions of ESPIT-
driven systems are characterized by dual emissions, indicating
the coexistence of two tautomeric forms (an enol and keto)
throughout the excitation process.71–73 The ESIPT and restric-
tion in rotation of C]N bond phenomena in M are normally
responsible for the observed optical outputs changes in the
presence of cations and anions, as displayed (Scheme 4).
cO and (d) M–OH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The Job plots of (a) [M–Cu], (b) [M–Ni], (c) [M–Zn] and (d) [M–Fe] at 1 � 10�4 M in DMSO–H2O.
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The excited state uorescence emission model for M
(Scheme 4) initially starts on the ground state (E), before excited
into a phototautomer, due to ESIPT process (E*). Sequentially,
the excited state form (E*) then decays by emitting uorescence,
normally towards the longer wavelength (K*). Subsequently, the
proton transfer process in the structure is central to driving the
Scheme 3 The proposed binding models of M with (a) Fe2+, (b) Zn2+, (c

© 2022 The Author(s). Published by the Royal Society of Chemistry
ESIPT, ascribed to the redistribution of the excited state elec-
tron density, which results in the –OH group getting more
acidic. Theoretically, the structural features of M made it
suspect to interaction with ionic species, due to the presence of
so donor atoms such as O, S & N capable of interacting coor-
dinatively with cations, while the hydroxyl (–OH) and amine
) Ni2+ and (d) Cu2+.
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Scheme 4 Proton transfer model of M detailing the ESIPT process.
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(–NH–) group are tting for anion interactions. These interac-
tions have a signicant impact on the charge transfer mecha-
nisms (ICT and ESIPT), thus affecting the emission properties
of M, upon the introduction of cations or anions.

3.3.1 Fluorescence studies of M on interacting with anions.
The uorescence emission of M in DMSO–H2O was dened by
a broad band with vibronic characteristics, with a feeble
Fig. 8 The fluorescence emission spectra of (a) M (1 � 10�5 M) in DMSO
fluorescence spectrum ofM, with a Stokes shift of 3700 cm�1, (c) under U
conditions.

27030 | RSC Adv., 2022, 12, 27022–27043
emissive peak centred at 445 nm (Fig. 8a), aer excited at
390 nm, suggestive that the emission was stemming from more
than one structural form (enol and keto). The weaker emission,
could be stemmed from two possible factors, the isomerization
of the C]N group, which normally results in uorescence
quenching during the excited state. The other factor was the
ESIPT process which M was highly likely to go through in the
–H2O, excited at 390 nm, (b) a combined normalized absorption and
V-light at 254 nm, (d) under UV-light at 365 nm, and (e) under day-light

© 2022 The Author(s). Published by the Royal Society of Chemistry
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excited state, which led to non-radiative decay of the excited
state, and thus leading to uorescence quenching.70,74

It is generally known that ESIPT single or dual emitters
exhibit uorophore properties due to their smart photosensitive
and optical properties, which are normally dened by sizeable
Stokes shis. Thus, M was no exception in this case, showing
a Stokes shi of 3700 cm�1 (63 nm), obtained from the
normalized absorption and uorescence data (Fig. 8b). The
hydroxyl-based group integrated into the naphthyl moiety
coupled with the hydrazone group (–CH]N–NH–) were duly
responsible for M exhibiting the ESIPT mechanism in the
probe. The ESIPT emitters underwent certain molecular vibra-
tions and rotations (centered at the –C]N–) in solution leading
to the manifestation of non-radiative deactivation pathways, by
increasing the rigidity of the molecular cluster, which in turn
affected the emission quantum yield.

The uorescence properties of M were further investigated
by exposing the solid sample to daylight and UV-light. Despite
M exhibiting weak emission properties due to the ESIPT process
(Fig. 8a), the powder could still display glowing behaviors under
UV-light (Fig. 8c, at 254 nm and Fig. 8d, at 365 nm), showing
a bright intense yellow colour, while under daylight, the colour
of the probe was plain yellow (Fig. 8e).
Fig. 9 The fluorescence titration spectra and titration profiles (insets) o
AcO�, (b) 2.5 equiv. of CN� (c) upon the addition of 2.5 equiv. of F�, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
The molar addition of anions (AcO�, CN�, F�, OCN�,
H2PO4

�, N3
� and OH�) to M in a DMSO–H2O medium was

generally characterized by uorescence emission enhancement,
at the excitation wavelength of 390 nm. In addition, the prom-
inent peak ofM at 445 nm, a new peak appeared in the region of
520 nm. Precisely, the molar titration of M with AcO� led to the
anticipated hydrogen bonding-based uorescence enhance-
ment peak at 445 nm. Moreover, another intense emission peak
appeared at 520 nm with molar incremental addition of AcO�

(Fig. 9a). The Job plot experiment had revealed that the binding
mode between M and the Y-shaped AcO� is likely a 1 : 1,
interacting through the –OH and –NH groups (Scheme 2c), via
hydrogen bonding. Hydrogen-bonding based intramolecular
charge transfer mechanism, with basicity characteristics such
as AcO� are mostly associated with the deprotonation process
of the molecule (M), when analytes are in excess.75 Thus, the
dual emission characteristics ofM in both cases was ascribed to
the hydrogen bonding process and the gradual deprotonation
action, which eventually lead to the formation of an enol–keto
tautomeric forms (Scheme 5). The titration prole (Fig. 9a inset)
showed that the sensitivity and selectivity ofM toward AcO�was
somehow high, attained within the addition of 0.5 mM, with the
limit of detection of 6 � 10�9 M and the association constant of
f M (1 � 10�5 M) in DMSO–H2O, upon the addition of (a) 2.5 equiv. of
(d) 2.5 equiv. of H2PO4

�. Excitation wavelength was at 390 nm.
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Scheme 5 Proton transfer model of M detailing the ESIPT process upon the addition of anions.
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1.88 � 106 M�1 within 0–0.5 mM (Fig. 9b) and the R2 value of
098 674 (Fig. S5a†). Similar trends were observed when CN�, F�

and H2PO4
� were used (Fig. 9b–d), with their respective cali-

bration proles (Fig. 9 insets) as well as the emission intensity
vs. concentration proles (Fig. S5b–d†), respectively, with the
complete proles summarized in Table 1.

Moreover, the molar addition of CN� yielded in uorescence
enhancement characterized by dual emission channels with
signals centered at 445 nm and 520 nm. The emission at lower
wavelength (445 nm) was ascribed to hydrogen-bonding process
(Scheme 2b), while the peak at higher wavelengths (520 nm)
attributed to the deprotonation of the hydroxyl group and
secondary amine groups. The nature of interaction of interac-
tion between the two species has a strong emission enhance-
ment effect on M, showing strong association, even when
smaller molar amounts (0–2.5 equiv.) were used in titration
(Fig. 9b). The titration prole (Fig. 9b inset) shows that the
sensitivity and selectivity of M toward CN� was high, attained
within the addition of 0.5 mM, with the limit of detection of 1 �
10�9 M and the association constant of 3.57 � 106 M�1 within
0–1.0 mM (Fig. 9d) and the R2 value of 0.97 (Fig. 9d inset).

Furthermore, the molar additions of 25 equiv. of OCN�, 2.5
equiv. H2PO4

� and 5 equiv. of OH� all resulted in uorescence
enhancement, with monotonous emissive characteristics
Table 1 Association constant (Kass, M
�1) and the limit of detection ofM

with cations and anions in DMSO–H2O

Complexa Stoichiometry Kass (M
�1) LOD (M)

Quantum yield
(Ff)

M–Cu 2 : 1 7.50 � 106 1.40 � 10�9 0.35
M–Hg 2 : 1 4.67 � 106 1.00 � 10�8 0.42
M–Al 2 : 1 4.15 � 106 8.00 � 10�9 0.81
M–Ni 1 : 1 8.33 � 106 8.00 � 10�9 0.30
M–Sn 1 : 1 2.73 � 105 2.00 � 10�9 0.77
M–F 1 : 1 3.30 � 106 8.00 � 10�9 0.34
M–CN 1 : 1 3.57 � 106 1.00 � 10�9 0.40
M–AcO 1 : 1 1.88 � 106 6.00 � 10�9 0.42
M–H2PO4 1 : 1 2.21 � 10�6 8.00 � 10�9 0.23
M–Ag 1 : 1 2.10 � 107 2.00 � 10�9 0.33
M–OCN 1 : 1 3.65 � 106 4.00 � 10�9 0.23
M–OH 1 : 1 3.89 � 106 1.00 � 10�10 0.36
M–Fe(II) 1 : 1 7.97 � 105 2.00 � 10�8 0.33

a The cations were added in their nitrate salts.

27032 | RSC Adv., 2022, 12, 27022–27043
(Fig. S6†). The additions of OCN�, H2PO4
� and OH� resulted in

the uorescence enhancement at 445 nm, simultaneously with
the formation and enhancement of a new peak at 520 nm
(Fig. S6a–c & e†), due to hydrogen-bonding and deprotonation
process. The two absorption bands enhanced were character-
istics to tautomer forms, enol and keto, well associated with
hydroxyl group-containing sensing probes.76,77 The uorometric
addition of OCN�, which induced uorescence enhancement
upon interacting with M, required about 30 equiv. of the ana-
lyte, this showed perhaps moderate selectivity and sensitivity of
the probe (M) towards the analyte (OCN�), presumably due to
the geometry and chemistry of two species. The model of
hydrogen-bonding process which takes place on rst host–guest
encounter and the deprotonation process that follows once the
analytes (anions) are in excess were summarized accordingly
(Scheme 5).

3.3.2 Fluorescence studies of M on interacting with
cations. Upon excitation at 390 nm, uorometric titration of M
with Al3+ resulted in a signicant uorescence enhancement of
more than ten folds (Fig. 10a), characterized by dual emissive
peaks at 466 nm and 493 nm. The dual emissive channels at
lower and higher wavelengths were attributed to the tautomeric
forms, the enol and keto, respectively. Generally, the non-
emissive properties of M is ascribed to the cis–trans isomer-
isation of the C]N bond and possibly the photoinduced electron
transfer mechanism of the molecule, in the absence of Al3+.
However, on gradual introduction of Al3+ to M, emission
enhancement was observed, characterized by two intensifying
peaks at 466 nm and 493 nm respectively. Notingly, the associ-
ation of M with Al3+ promotes structural rigidity while simulta-
neously restricting its exibility, which boosts the emissive
properties of the system. The titration prole (Fig. 10 inset) shows
a linear relationship upon the introduction of Al3+ of up to 1
equiv. before the equilibrium/saturation is reached. The linear t
plot based on a 1 : 2 reaction interaction, with the R2 of 0.95 is
presented (Fig. 10b), predicting the limit of detection extrapo-
lated from the concentration range of 0–0.8 mM. The titration
parameters, ranging from the LOD, association constant as well
as the quantum yields are summarised in Table 1.

Similar to interactions with anions (Fig. 9), M was charac-
terized by dual emission channels, upon interacting with Al3+,
at 466 nm and 493 nm respectively, ascribed to the combina-
tions of ICT and ESIPT mechanisms. The dual emissions were
suspectedly ascribed to the to the normal excited (E*) and its
© 2022 The Author(s). Published by the Royal Society of Chemistry
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tautomer (K*) forms, which resulted from an ESIPT process (E*–
K*) as displayed (Scheme 6). Normally, such dual emission
channels are commonly known for phenolic-containing uo-
rometric sensors, which undergo enol–keto tautomerization, by
way of a hydroxyl proton transfer to the adjacent imine group,
leading to major change in structural conformations and elec-
tronic alterations. In this case, the emissive peak at 466 nm
predictably belonged to the enol form, while the keto form was
reected at 493 nm, respectively.67

The uorometric titrations of M with other cations was
dominated by uorescence quenching, unlike with Al3+, where
the intensity at 445 nm of uncomplexed state decreased
signicantly with increasing addition of the cations (Fig. 11).
Explicitly, the molar addition of cations (Cu2+, Fe2+, Ni2+) dis-
played uorescence quenching, the prominent peak at 445 nm
decreased in intensity with the increasing sequential addition
of these cations (Fig. 11a, c & e), with titration proles inserted.
The molar titration addition of cations to M inhibit the struc-
tural uorescence properties, ascribed to the chelation induced
quenching process (CHEQ). In addition, the quenching mech-
anism here could also be due to collision quenching, where the
excited state of M is deactivated due to contacts with cationic
species, as well as heavy-atom and paramagnetic quenching
mechanisms.78 The presence of cations in the matrix of M
inhibited the tautomerism process, as displayed by the
demeaning of the spectra, resulting from the chelation process.
The calibration curves for the respective interactions were used
Scheme 6 Proton transfer model of M detailing the ESIPT process upon

Fig. 10 The fluorescence titration spectra and titration profile (inset) ofM
390 nm, (b) linear fit plot of the conc. of Al3+ (0–0.8 mM).

© 2022 The Author(s). Published by the Royal Society of Chemistry
to extrapolate the intensity vs. concentrations relationship for
each cation (M–Fe, M–Ni and M–Cu), where linear t method
was used to estimate the slope of the best ts, with R2 values
ranging from 0.93, 0.97 and 0.97, respectively (Fig. 11c, d and f).

However, a different behavior was noticed when Hg2+ was
added to M, upon interacting, not only uorescence quenching
at 445 nm due to the chelation effect was observed, but the
emergence of a new peak at 505 nm appeared concomitantly
(Fig. 12a). A new peak at 505 nm was characterized by the iso-
sbestic point at 475 nm, showing the co-existence of two species
(an emissive and a non-emissive) at equilibrium. Interestingly,
the initial addition of Hg2+ to M inhibited non-emissive
behaviors at rst ascribed by the chelation uorescence
quenching (CHEQ) effect, however, on increasing addition
resulted in the formation of a new complexed compound, which
is highly emissive (CHEF), presumably attributed to the C]N
isomerization and the enol–keto tautomerism effect (Scheme 7),
resulting in CHEF, while inhibiting the ESIPT process. Simi-
larly, the uorometric behaviors was observed upon the addi-
tion of Ag+ and Sn2+ as displayed (Fig. 12c & e), respectively.

3.3.3 Determination of association constant, limit of
detection and quantum yield. The association constants of M
with different cations and anions were determined from the
emission–intensity titration curves, using the classical Benesi–
Hildebrand (eqn (1) below)

1

I � I0
¼ 1

KaðImax � I0Þ½C�n þ
1

Imax � I0
(1)
the addition of Al3+.

(1 � 10�5 M) in DMSO–H2O, (a) with up to 10 equiv. of Al3+, excited at

RSC Adv., 2022, 12, 27022–27043 | 27033
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Fig. 11 The fluorescence titration spectra and titration profiles (insets) ofM (1� 10�5 M) in DMSO–H2O, (a) upon the addition of 15 equiv. of Fe2+,
(b) fluorescence signals ofM to changing conc. of Fe2+ (0–15 mM) at 450 nm, (c) upon the addition of 5 equiv. of Ni2+ and (d) fluorescence signals
ofM to changing conc. of Ni2+ (0–5.0 mM), (e) upon the addition of 3.0 equiv. of Cu2+ and (f) fluorescence signals ofM to changing conc. of Cu2+

(0–3.0 mM), at 450.
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where I0 represents the emission intensities of M in absence of
analyte, I represents emission at an intermediate analyte
concentration, while Imax represents the emission intensities at
a concentration of complete interaction with an analyte. Ka is
27034 | RSC Adv., 2022, 12, 27022–27043
the association constant, C is the concentration of analyte, and
n is the number of analytes bound per molecule. As a result, all
association constants for both anions and cations towards M
are listed (Table 1).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The fluorescence titration spectra and titration profiles (insets) ofM (1� 10�5 M) in DMSO–H2O, (a) upon the addition of 1 equiv. of Hg2+,
(b) fluorescence signals ofM to changing conc. of Hg2+ (0–1 mM) at 500 nm, (c) upon the addition of 15 equiv. of Ag+ and (d) fluorescence signals
ofM to changing conc. of Ag+ (0–0.3 mM), (e) upon the addition of 10.0 equiv. of Sn2+ and (f) fluorescence signals ofM to changing conc. of Sn2+

(0–2.0 mM), at 510 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 27022–27043 | 27035
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Scheme 7 Proton transfer model of M detailing the ESIPT process upon the addition of Hg2+.
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The limit of detection (LOD) was calculated based on the
emission–titration curves of M with analytes, using eqn (2)
below

LOD ¼ 3s/k (2)

where s is the standard deviation of blank measurements, k is
the slope of intensity versus sample concentration. The values
for the LOD were determined as shown (Table 1). The uores-
cence quantum yield (Fs) for M with respective cations and
anions was determined using the formula in the equation below
(eqn (3)), by using Rhodamine 101 (F ¼ 1, in ethanol) as
a reference.

Fs ¼ Fs(hs/hr)
2 � As/Ar � Fr/Fs (3)

whereby, hs and hr are refractive indices of the solvent for
sample and reference respectively, As and Ar are the absorbances
of the sample and reference solutions at a given excitation
wavelength, while Fr and Fs are corresponding uorescence
intensities, respectively.

3.3.4 Computational studies of M towards cations and
anions. In order to comprehend the association of M with
Table 2 Frontier orbital studies of M, and their interactions with cations

Optimized structure HOMO (eV)

27036 | RSC Adv., 2022, 12, 27022–27043
cations and anions, DFT studies were studied at B3LYP/6-31G**
(Spartan ’14 package) level, to ascertain the structural confor-
mation of M and upon interacting with analytes. The summary
of the optimized structures, the HOMO, LUMO and their
HOMO–LUMO gaps for cations have been displayed accordingly
(Table 2). The probe (M) was characterized by HOMOs clouded
on the dithioic group, while the LUMOs were concentrated
across the naphthyl ring (more towards the donor groups –OH,
and –NH) and the dithioic groups (Table 2). The values of the
HOMOs and LUMOs were �5.66 eV and �2.29 eV respectively,
with the resulting energy gap of 3.37 eV. The energy gap ob-
tained is complementary to the experimental absorption band
maxima obtained, which was within the UV-region of 350 nm
towards 400 nm (Fig. 1b), towards visible light region. The
magnitude of the HOMO–LUMO gap was indicative that M was
relatively stable and responsive within the UV-region, in the
solvent used (DMSO). The associated absorption bands of M in
the UV-region was an indication of tautomeric forms of ENOL
and KETO forms in the solvent, which resulted in the uores-
cence variances upon adding cations or anions respectively.

The introduction of cations to M resulted in mixed values of
the energy gaps with fewer correlations, where M–Al–M (0.46
in vacuum

LUMO (eV) Gap (eV)

3.37

0.46

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Optimized structure HOMO (eV) LUMO (eV) Gap (eV)

0.61

0.76

1.36

0.76

2.75

2.61

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 8

/2
5/

20
24

 1
:2

1:
27

 P
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
eV), M–Zn (0.61 eV), M–Hg (0.76 eV), M–Cu–M (1.36 eV), M–Ni
(0.76 eV), M–Sn–M (2.75 eV) andM–Ag respectively as displayed
in Table 2. The lowest energy gap was registered with M–Al–M
(0.46 eV) conformation, perhaps due to highly active ICT, ESIPT
© 2022 The Author(s). Published by the Royal Society of Chemistry
and MLCT upon interaction, based on a 2 : 1 molar ratio. The
conformation of M–Al–M showed relatively good enhancing
properties (CHEF) exhibiting the highest uorescence intensity
of all cations used, going through tautomeric transformation in
RSC Adv., 2022, 12, 27022–27043 | 27037
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the process, as displayed by double emission peaks. Similar
trends of CHEF were experienced by the conformations of M–

Hg (0.76 eV),M–Ag (2.61 eV), andM–Sn–M (2.75 eV), in which all
the band gaps conforming to responding to photon absorption
across the visible light range, towards near infrared (NIR)
region. The QHEF effect of M–Hg and M–Ag, even though
relatively different in values in a proposed 1 : 1 interaction ratio
based on the Job plot data (Fig. 7), were guided by the combi-
nation of ICT, ESIPT and MLCT processes. In addition, CHEF
effect was also induced upon M–Sn–M, similarly to M–Al–M,
thereby undergoing ESIPT and MLCT processes. The selectivity
of CHEF-based effect for these cations is ascribed to their
varying chemical make-up towards M, ranging from increasing
Table 3 Frontier orbital studies of M, and their interactions with anions

Optimized structure HOMO (eV)

27038 | RSC Adv., 2022, 12, 27022–27043
atomic radii going down the group, surface plasmon resonance
phenomenon and inert-pair effect.79–84

Moreover, other metal cations induced CHEQ effects upon
interacting with M, ascribed to their chemical blueprints
towardsM. The CHEQ effect was observed on complexes such as
M–Cu–M (1.36 eV) and M–Ni (0.76 eV), presumably due to their
possibly square planar geometries, likely formed, thereby
quenching the emission signicantly. The theoretical calcula-
tions are suggestive that these complexes have lower HOMOs
and LUMOs, with energy gaps varying from 1.36 eV and 0.76 eV,
corresponding to photon absorption within the visible region.
The variance in the energy gaps was attributed to the combi-
nation of ESIPT, ICT and MLCT, which were all likely to occur
upon interaction. The HOMO distribution was clearly
in DMSO

LUMO (eV) Gap (eV)

3.37

1.45

2.03

3.46

1.83

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Combined absorption plots of M (1 � 10�5 M) in DMSO–H2O, upon the addition of 3 equiv. of each individual (a) anions and (b) cations.
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concentrated on the donor species (ligands) compared to the
LUMO, which was located on the cation center respectively.

Furthermore, hydrogen bonding induced charge transfer,
which guided the interaction ofM with anions through the –NH
group, resulted in relatively high HOMO and LUMO levels
(Table 3). The energy gaps decreased in all cases studied, with
M–CN (3.46 eV) the highest, whileM–OH displayed the lowest of
those used (1.45 eV). The fact that –OH contains a hydroxyl
group interacting with another hydrogen bonding capable –NH
species of M, resulted in a complementing ESIPT and ICT, thus
resulting in the CHEF effects. In fact, all interactions of M with
anions, resulted in CHEF effects, due to deprotonation and thus
proton transfer processes, brought about by the formation of
ENOL and KETO tautomers. Thus, the quenching of these
compounds proved that structural deprotonation favored non-
emissive properties. The distribution of HOMOs was concen-
trated on the analytes for most of the complexes, except for M–

CN, where the cloud of HOMOs was fairly distributed along the
entire complexed molecule. The distribution of the LUMOs was
concentrated on the molecule, bar the analyte (Table 3). The
CHEF effect, which was based on the deprotonation process,
was still observed by the interaction of M–F and M–AcO, which
are all well-known to form strong associations with –NH based
receptors, ascribed to the high electronegative nature of F� and
the potent Y-shaped structure of AcO�.

3.3.5 Competitiveness studies of M with anions and
cations. The competitive studies were essential in dening
cross-detection activities among analytes detected in a given
medium. Typically, the presence of more than one competitive
analyte in a medium can disrupt the detection process of
a primary target, where discrimination interference may occur.
It is vital to establish the cross-detection properties of a sensor
upon exposed to a number of analytes simultaneously, to
observe the reaction of the sensor probe towards a set of ana-
lytes in a givenmedium. The aspects at the center of detection is
the affinity constant of the complex formed as a result of
a sensor interacting with an analyte. Theoretically, the higher
the affinity constant of an analyte onto the sensor, the more
© 2022 The Author(s). Published by the Royal Society of Chemistry
strongly an analyte is linked to the sensor, hence highly stable
complex. Upon the addition of 3 equiv. of each anion to M, the
absorption spectra displayed more or less similar peaks pre-
senting the samemolar absorptivity when combined in one plot
(Fig. 13a), however, with CN� having a slightly higher margin
than others. This was translated into a more stable association
of a host-guest union (M–CN), hence more competitive among
other anions. Furthermore, H2PO4

� displayed the lowest peak
when the same equivalents (3 equiv.) were used, signifying the
weakest association with the sensor among the detected ana-
lytes (Fig. 13a). Moreover, the competitiveness study of M
towards cations was not signicantly informative, ascribed to
the fact that the interaction mechanisms and modes of each
individual cation was slightly different from others, thus dis-
playing different spectra upon the addition of 3 equiv. of each
cation. The characteristics of the resulting spectra of complexes
were different from one another (Fig. 13b), which translated
into different binding and association modes between M and
the cations. Thus, the absence of uniformity in spectra, meant
the cross-detection study may not be of much signicance in
a given system. However, the association constants for each
individual interaction were studied and established (Table 1).
4. Conclusion

Amulti-sensing uorometric probe with dual emissive channels
was synthesized, via a cost-effect and one step mechanism of
Schiff base. The ESIPT-steered probe proved highly versatile in
recognition of heavy metal cations as well as biological impor-
tant anions. A weakly uorescent-based probe displayed varying
interaction patterns through contrasting absorption and uo-
rescence behaviors upon associating with specic cations or
anions, presenting ratiometric behaviors for some, as well as
CHEQ and CHEF effects for others. For instance, the introduc-
tion of Al3+ resulted in a signicant uorescence enhancement
with the effect of more than ten folds, while displaying an
insignicant, but yet unique, absorption behaviors upon titra-
tion with M. The addition of Hg2+, Ag+ and Sn2+ had uniquely
RSC Adv., 2022, 12, 27022–27043 | 27039
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displayed similar uorescence patterns of ratiometric nature
upon interacting with M, where the initial peak at lower wave-
lengths disappeared, with the new peak at longer wavelengths
simultaneously being formed. Moreover, the interactions with
other metals, such as Zn2+, Cu2+ and Ni2+ resulted in the CHEQ
effect, with the inhibition of the ESIPT process. Interestingly, all
anions resulted in a resounding CHEF effect with similar
patterns, clearly demonstrating the tautomeric effect via two
well-resolved emission bands, ascribed to the enol and keto
forms. Thus, M showed versatility properties in its encounter
with both cations and anions, through a variety of responsive
displays in its absorption and uorescence properties.
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T. Chtouki, L. Sznitko, J. Mysliwiec and G. Ulrich, Natural
Born Laser Dyes: Excited-State Intramolecular Proton
Transfer (ESIPT) Emitters and Their Use in Random Lasing
Studies, Nanomaterials, 2019, 9(8), 1093, DOI: 10.3390/
nano9081093.

56 Y. Zhou, G. Baryshnikov, X. Li, M. Zhu, H. Ågren and L. Zhu,
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