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A multi-colorimetric probe to discriminate between
heavy metal cations and anions in DMSO-H,0 with
high selectivity for Cu®* and CN: study of logic
functions and its application in real samples¥

Eunike Hamukwaya, Johannes Naimhwaka and Veikko Uahengo (& *

A ditopic multi-colorimetric probe based on the phenylpridyl-thioic moiety (EN) was synthesized via a Schiff
base reaction mechanism and characterized using *H NMR and UV-vis spectroscopy. The colorimetric
analyses carried out revealed that EN was capable of discriminating between a number of heavy metal
cations via coordination induced charge transfer, as well as between anions through hydrogen bonding
induced charge transfer, in DMSO-H,O (9 :1). In particular, the ditopic probe could spectrally and
colorimetrically recognize the most toxic heavy metal cations of Cd?*, Pb?* and Hg?*, among others, in
DMSO-H,0. Additionally, EN was selective and sensitive to the presence of CN~, F~, AcO™ and H,PO,~
in the same solvent system as cations. The reversibility and reproducibility studies showed that EN
exhibited complementary IMP/INH logic functions, based on colour and spectral switching (ON/OFF),
modulated by F~/A*. The real time application of the probe was tested on food grade products to
detect the presence of F~ in toothpastes and mouthwash dissolved in water, as well as cations in
underground water (normally saline), which displayed substantial responses. Thus, EN displayed an
excellent scope of response and can thus be developed for real time sensing kits, which could be used
instantly in on-field analysis. Theoretical studies were conducted to complement the experimental work.

1. Introduction

Diagnostic chemistry techniques have taken center stage for
many research groups around the globe in recent decades,
perpetuated by the complexity of the chemical effluents off-
loaded into environmental systems nowadays. These effluents
are the result of the rapid increase in the technology depen-
dency of contemporary societies, especially in the agricultural
and telecommunication sectors, to meet the demand of food
production and communication technology, respectively, to
supply the increasing global population.*™ Thus, most of these
new technologies depend on the use of chemicals in their
manufacture and function, which in most cases end up in
environmental streams. Chemicals are classified as the most
toxic pollutants on the face of the earth, thus their threshold
concentration levels must be controlled and monitored. Tradi-
tional analytical methods such as inductive coupled plasma
(ICP) and atomic absorption spectroscopy (AAS) have become
obsolete and too expensive to afford, let alone that they are
inconveniently  time-consuming.>®  Subsequently, the
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development of new analytical methods has been the focal
center of many research groups in the world to combat the
threat of environmental pollutants. Thus, chemosensing has
been identified as one of the potential analytical methods used
in sensing the presence of cations (mostly heavy metals) and
anions in physiological and environmental systems, instead of
traditional methods.****

Chemosensing has become a method of choice in analytical
chemistry as it is sensitive and selective to specific target ana-
Iytes which are ionic or neutral, depending on the design of the
sensor.””” This is complemented by the fact that they are easily
synthesized, easy to apply, can be applied in real time and are
based on naked eye observable colour changes. The structural
frameworks of chemosensors are designed with in-built specific
features, bearing a receptor, relay and reporter (3R). To date,
numerous colorimetric and fluorometric probes for both
cations and anions have been reported in the literature, some of
which are on the market already.'®****° The chemical phenom-
enon of the sensing process is founded on charge transfer
mechanisms such as intramolecular charge transfer (ICT),
excited state intermolecular proton transfer (ESIPT), photoin-
duced charge transfer (CT) and metal-to-ligand charge transfer
(MLCT), among others.*'"*® For cations, the sensing mechanism
is normally governed by coordination induced charge transfer,
while the hydrogen bonding induced charge transfer

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanism is common for anions. Notably, the structural
framework of probes which are sensitive and selective for
anions are usually characterized by amine,>*® hydroxyl,*
sulfonyl,** urea*** and hydrazone**** groups, while cation
probes normally bear soft donor atoms such as oxygen, nitrogen
and sulfur. However, there are other interaction mechanisms,
governed by weak Van der Waals forces, which can induce the
sensing of cations and anions.***

Probes which are sensitive and selective to cations (heavy
metals) such as copper (Cu**), mercury (Hg>"), zinc (Zn>"), iron
(Fe*") and to some extent nickel (Ni**) are fairly commonly re-
ported in the literature, however, colorimetric sensors for highly
toxic cations such as lead (Pb*>"), tin (Sn*"), cobalt (Co*"),
cadmium (Cd*"), iron (Fe®") and silver (Ag") are rarely re-
ported.'>***¥3 Notably, the presence of too high or too low
quantities of specific cations in physiological or environmental
systems results in severe adverse effects, which lead to disrup-
tion in physiological homeostasis. Furthermore, just like
cations, anion sensors for common ions such as fluoride (F"),
acetate (AcO™) and dihydrogen phosphate (H,PO, ) have been
heavily reported, however, highly toxic anions such as cyanide
(CN7), cyanate (OCN ™) and hydroxide (OH ™) remain subjects of
interest.”®*>* The nature of sensors varies with structural
designs based on the target analytes, and single and dual
sensors can be developed,®** including ditopic-based sensors;
however, multifunctional sensors have been rarely been re-
ported in the literature and remain a subject of high priority.***¢
Thus, in this study, a ditopic multifunctional colorimetric
sensor (EN) based on the pyridyl-thioic moiety was synthesized
(Scheme 1) which could discriminate between a series of
cations, including Pb**, Sn>" and Hg”*, among others, as well as
anions of CN™, F and OH , among others. In addition,
reversibility and reproducibility studies were carried out,
concluding that EN exhibited logic functions (INH/IMP).?>¢7:68
The solvatochromic affect was also conducted in order to study
and investigate the optoelectronic properties of EN, which shed
more light on the dye sensitizing properties, a subject of interest
to our group.

2. Experimental section
2.1 Materials and apparatus

All reagents and solvents were commercially available and of
analytical grade. They were used without further purification
unless stated. UV-vis spectroscopy was performed with a Perkin
Elmer Lambda 35 spectrophotometer in a standard 3.0 ml
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Scheme 1 Synthetic procedure for EN.
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quartz cuvette with a 1 cm path length. "H NMR spectra were
recorded on a Varian Mercury VX-300 MHz spectrometer in
CD;CN. Elemental analyses (C, H and N) were carried out on
a Perkin Elmer 240C analytical instrument. All of the
measurements were conducted at ambient temperature (25 °C).

2.2 General procedure for the UV-vis experiments

All UV-vis spectra were recorded in DMSO-H,O (9 : 1) on a Per-
kin Elmer Lambda 35 spectrometer after the addition of tetra-
butylammonium salts while keeping the sensor EN
concentration constant (1 x 107> M). Tetrabutylammonium
salts (TBA) of the anions (F, CI", Br , I, AcO, CN, OH ",
H,PO,  and ClO, ) were used for the UV-vis experiments. TBA
salts of the anions (F~, Cl, Br,OH, I, AcO~, H,PO,, ClO,~
and CN ™) were used for the fluorescence experiments.

2.3 Job plot experiments

Stoichiometric interactions were determined using a Job plot by
preparing solutions of TBAAcO and Cu(NO3), (1 x 10~ * M) in
DMSO-H,0 at ambient temperature. Each solutions of these
were mixed with the standard solution of EN (1 x 10~* M) with
volumetric/molar variations from 0 to 10 ml, then the absor-
bance of each solution was measured. The process was con-
ducted for all mixing ratios of the host-guest combinations
from 1 to 9.

2.4 Synthetic procedure

An ethanolic solution (15 ml) of 2-benzoylpyridine [1.0 g; 0.005
mol] was drop-wise mixed with a solution (15 ml) of methyl
hydrazinecarbodithioate (1.0 g; 0.005 mol) while being
magnetically stirred and catalyzed with a few drops of acetic
acid. The solution mixture was refluxed for up to 3 hours before
a brown precipitate appeared. The brown precipitate was then
filtered off and washed several times with hot ethanol. The
product was dried in a vacuum at room temperature and
recrystallized from ethanol. Yield 82%. "H NMR (400 MHz,
DMSO-dg) 6 14.41 (d,J = 7.4 Hz, 1H), 8.88 (d, J = 5.5 Hz, 1H),
8.10-7.90 (m, 1H), 7.70-7.39 (m, 7H) (Fig. S4t). Elemental
analysis caled (%) for C: 58.51, H: 4.56, N: 14.62, S: 22.31; found:
C: 59.22, H: 5.13, N :14.07, S: 23.13.

3. Results and discussions
3.1 Photophysical properties of EN

The absorption spectrum of EN was characterized by two
prominent absorption peaks, both in the UV region (Fig. 1) at
282 nm and 353 nm, in DMSO-H,O0. The spectrum exhibited
alow energy band at 282 nm which was ascribed to the localized
m-1t* transitions, while a high-energy band at 383 nm was due
to the charge transfer bands, at times mixed with a more
delocalized m-m* transition (Fig. 1).°°7* An absorption band
near the visible light region (353 nm) of the spectrum is nor-
mally a good indicator for potential dye sensitizers when sub-
jected to the judicious tuning of the optoelectronic properties,
such as solvatochromism or any other methods, thus EN can be
tuned into a potential organic dye sensitizer for application in
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Fig. 1 Absorption spectrum of EN (1 x 107° M) in DMSO-H,0.

solar cells.”””* The absorption spectrum of EN was accompa-
nied by a light yellow colour (Fig. 1 inset), complementing the
characteristics of the transitions in the UV region. Moreover, the
optoelectronic properties of EN are closely linked to the che-
mosensing process, as both are governed by the same charge
transfer mechanism (ICT), which tunes it into a multifunctional
dye molecule.

3.2 Chemosensing property studies

3.2.1 Cation sensing properties. The molar addition of
most transition metal salts (nitrates and chlorides) to EN was
investigated and observed by the naked eye observable colour
changes for each metal cation added (Fig. 2). The sensor could
sense a variety of transition metals ranging from M" to M™
valencies, as displayed by the number of molar additions which
induced colour changes upon interacting. Upon reacting EN
with Sn>*, the colour could be observed to change from light
yellow to intense yellow. The colour changes were: Ni** (intense
yellow), Pb>" (yellow), Hg>" (vellow), Ag* (intense yellow), Zn**
(yellow), Co>" (orange-yellowish), Fe** (yellow) and Cu>" (yellow-
greenish) as shown in (Fig. 2). The only additions of the cations
used that did not induce any colour change were for Cr*" and
AP** (Fig. 2), which perhaps indicates that no chemical inter-
action was taking place between EN and both of these trivalent
cations. Moreover, the colour changes are associated with the
chelation-induced activities upon cations binding with EN.

In addition to the colorimetric changes observed, the molar
addition of cations to EN was further observed by UV-vis
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titrations in DMSO-H,O solvent mixture (9:1). Upon the
gradual volumetric and molar equivalent addition of Pb**
(nitrate salt) in DMSO-H,0 to EN, the absorption band at
353 nm decreased in intensity, while the initial low energy band
at 253 nm was gradually enhanced with blue shift characteris-
tics (Fig. 3a). Furthermore, the hypochromic shift experienced
at 353 nm was concomitantly observed with a new broad band
in the visible region, extended from 400 to slightly over 450 nm
(Fig. 3a), which was assigned to the coordination induced
charge transfer between EN and Pb®" in the particular solvent
system used. As expected, the absorption spectral changes
observed upon the introduction of Pb>" to EN were in agreement
with the naked eye observable colour changes from light yellow
to intense yellow (Fig. 2). The union of two species (EN and EN-
Pb) co-existing in one system was confirmed by the two iso-
sbestic points at 297 nm and 384 nm.”® In addition to EN-Pb,
the dye was further investigated for the recognition of other
cations to confirm the naked eye colorimetric observations and
it turned out that EN was further selective and sensitive to the
presence of Sn>" (EN-Sn), Ag" (EN-Ag), Hg>* (EN-Hg), Co>" (EN-
Co) and Cu** (EN-Cu), as shown in Fig. 3a-f, respectively, with
their titration profiles presented in the insets.

Furthermore, the multifunctional sensing ability of EN was
observed across nearly the entire 3d transition metal row, with
Ni** (EN-Ni), Zn** (EN-Zn), Fe*" (EN-Fe(Il)) and Fe’" (EN-
Fe(III)) again inducing remarkable spectral changes, in addition
to colorimetric changes in DMSO-H,0, as shown in Fig. 4a-d,
respectively, with their titration profiles shown in the insets.
Commonly, the addition of these cations was characterized by
the disappearance of a high energy band at 353 nm concomi-
tantly with the appearance of a new band with observable
maxima at 440 nm (Ni**), 400 nm (Zn*"), 422 nm (Cu®") and
434 nm (Co”"), as shown in Fig. 3 and 4. However, the band at
253 nm showed mixed changes, decreasing for Sn** while
increasing for all of the other cations used. The variation in the
spectral displays is the result of the differences in the interac-
tions and associations of the cations with EN and the geomet-
rically complementary nature of the complexed states.
Interestingly, different valencies (Fe** and Fe®") exhibited
different chemical associations with EN, as evidenced by their
respective spectra (Fig. 4c and d). The spectra of Fe** and Fe®*
attest that the nature of their interactions with EN are
completely different, thus resulting in distinctive spectra. In
summary, the colorimetric changes displayed after the addition
of different cations are all (apart from Fe**) corresponding to
the disappearance of w—mt* transitions upon the addition of the
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Fig. 2 Observable colorimetric changes of the cations (0.03 M) upon interacting with EN (1 x 107> M) in DMSO—H,O at room temperature.
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Fig. 3 The absorption titration spectra of EN (1 x 107> M) in DMSO-H,0 upon the addition of 5 equiv. of (a) Pb?*, (b) Sn?*, (c) Ag*, (d) Hg?", (e)
Co?* and (f) Cu?* (0.03 M) at room temperature, with their titration profiles shown in the insets.

cations, while a charge transfer band appeared in the visible
region, at the same time accompanied by change in the colour.
The transmission of EN in the presence of cations is attributed
to the coordination or chelation induced mechanisms through
the electron donors of sulfur and nitrogen built into the struc-
tural framework of EN. A few cations could not induce any
noticeable change either spectrally or colorimetrically (Fig. S17).

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.2.2 Anion sensing properties. The addition of anionic
salts (tetrabutylammonium salts) to EN was markedly accom-
panied by naked eye observable colour changes, with the
change in colours based on the individual anions added (Fig. 5).
Precisely, the addition of F~, CN~, OH™ (slight), AcO™ and
H,PO," to EN (light yellow in colour) resulted in colour changes
ranging from yellow to intense yellow (Fig. 5) in DMSO-H,0.
The colorimetric activities are ascribed to the hydrogen bonding

RSC Adv, 2021, 11, 29466-29485 | 29469
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Fig. 4 The absorption titration spectra of EN (1 x 10> M) in DMSO—H,O upon the addition of 5 equiv. of (a) Ni?*, (b) Zn?*, (c) Fe?* and (d) Fe>*
(0.03 M) at room temperature, with their titration profiles shown in the insets.

induced interaction between EN and the anions. Normally, the
interaction with anions is expedited through the amide proton
-NH group of EN upon encountering the negatively charged
anions. In addition to the anions recognized (F, CN~, OH ,
AcO™ and H,PO, ), the molar titration using other anions (Cl,
Br, I, NO;, N3~, HSO,  and ClO, ) added to EN did not
induce any significant colour changes.

The color change activities observed were verified by spec-
troscopic analysis using UV-vis titrations in DMSO-H,0. For
instance, upon the molar addition of H,PO,  (TBA salt) to EN,
the main absorption band at 354 nm went through a hypo-
chromic shift, which was concomitant with the appearance of
a new band in at 394 nm (Fig. 6a). The probe (EN) experienced

a bathochromic shift of 40 nm, which was ascribed to inter-
molecular charge transfer caused by the interaction between EN
and H,PO, . Distinctively, the co-existence of two different
species (EN and EN-H,PO,) in one system at equilibrium was
confirmed by the isosbestic points at 266 nm, 302 nm and
376 nm. Other anions which displayed colorimetric activities
upon addition to EN were spectroscopically investigated,
whereby similar spectral behaviors to those of EN-H,PO, were
observed for other anions (F~, CN~, OH™ (slight) and AcO™
(Fig. 6b-d, respectively), signifying similar chemical associa-
tions with EN. In each case, the titration profiles are given in the
insets of Fig. 6. The molar titration of F, CN~ and AcO™ with
EN resulted in the same effect as H,PO, , resulting in the

EN Br- F OCN- H,PO; Ny

e 4 -
-

: &3 £3 =3

HSO, OH AcOr NO; Cl CN-
T = = = =roa

i e - .

Fig.5 Observable colorimetric activities of different anions (0.03 M) upon interacting with EN (1 x 10~° M) in DMSO—-H,0 at room temperature.
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Fig. 6 The absorption titration spectra of EN (1 x 107> M) in DMSO-H,O, upon the addition of 5 equiv. of (a) H,PO,~, (b) CN~, (c) F~ and (d)
AcO™ (0.03 M) at room temperature, with their titration profiles shown in the insets.

disappearance of the m-m* transition band at 354 nm
concomitantly with the appearance of a new intermolecular
charge transfer band at 394 nm, with the isosbestic point at
376 nm (Fig. 6b—c). In contrast, the molar addition of OH™ to EN
induced slight spectral changes, proposed to be the result of
a weaker complexed state of EN-OH, compared to the rest of the
anions used (Fig. S27).

3.3 Job plots and the binding modes of EN with cations and
anions

Furthermore, to understand the interactions and binding
modes of EN towards the anions and cations, the Job plots for
selected species were carried out (Fig. 7). The molecular recog-
nition of cations is normally by the coordination mechanism,
facilitated by the presence of donor atoms in the structural
framework of the sensor. Thus, it was expected that cation
recognition by EN was potentially enabled through the nitrogen
and sulfur atoms in the structure. Upon running the Job plot,
the results projected that the interaction mode involved at least
two sensor molecules to one cation, thus signifying a 2:1
(2EN : 1Cu) interaction ratio. Thus, for instance, EN interacts
with Cu”"in a 2 : 1 binding ratio, as displayed in Fig. 7a, and the
binding is roughly predicted to be through the nitrogen atoms

© 2021 The Author(s). Published by the Royal Society of Chemistry

in the sandwich scaffold (Fig. 7b). This prediction was reached
as a result of obtaining the maximum value at a molar fraction
of 3 (with a possibility of 3.5), signifying a 2:1 ratio. An
admixture solution may be possible, which could containa1:1
and a predominantly 2 : 1 mixture, based on the mole ratio
absorption maxima of the spectrum.

The interaction of EN with the anions is by a hydrogen
bonding mechanism by default, through the -NH proton in the
structure. Thus, the presence of one -NH group in the structure
of the probe (EN) was a good indicator to predict the nature of
the interaction and the binding mode, which was likely to be in
a 1:1 (EN:A) ratio. Consequently, the Job plot analysis con-
ducted was in agreement with the prediction, where AcO™
associates with EN in a 1 : 1 interaction (Fig. 7c) and the pro-
jected interaction is through the -NH group, as indicated in
Fig. 7d. In addition to the interaction with AcO~, the other
anions (F~ and CN7) sensed are predicted to interact in
a similar way with a 1 : 1 binding mode. The information was
extracted from the data plot and the maximum absorption of
the spectrum was at a molar fraction of 0.5, which was
suggestive of a 1:1 ratio. Moreover, the limits of detection
(LOD) were determined with data extracted from the UV-vis
analysis of the titration profiles. The absorbance was recorded

RSC Adv, 2021, 11, 29466-29485 | 29471
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Fig.7 The proposed interaction and binding modes of EN with the cations: (a) Job plot and (b) EN-Cu, and anions: (c) Job plot and (d) EN—AcO.

at each specific wavelength, as shown in the titration profiles of
each complex.” Subsequently, the UV-vis titration signals of EN
with each cation were extrapolated (Fig. S5 and S6t) from the
titration profiles, as well as for the anions (Fig. S71). The
detection limits for the cations ranged from 1 x 10 ® M (Sn*")
to 4.5 x 10°° M (Fe*"), and for the anions the LODs were
similarly determined and found to range from 1.5 x 107’ M
(F)to 3.8 x 107 *M (CN").

3.4 Theoretical studies of the interaction of EN with the
anions

In order to further comprehend the interactions of EN with the
individual anions (F~, AcO™, CN~ and H,PO, ), density func-
tional theory (DFT) calculations at [B3LYP/6-31G**] with
Spartan’14 were carried out in DMSO. The modelling predicted
that the density of the HOMO of EN is on the thioic unit, while
the LUMO is spread all over the structural skeleton of the sensor
(Table 1). However, upon the introduction of the anions, the
HOMOs were distributed over the analytes (EN-F and EN-AcO),
while remaining the same for the EN-CN and EN-H,PO,
complexes. The HOMO and LUMO levels are calculated to be at

29472 | RSC Adv, 2021, 1, 29466-29485

—5.81 eV and —2.20 eV, respectively, yielding the energy gap of
3.61 eV, which is centered within the UV region of the spectrum.
This is in good agreement with the experimental value of the
HOMO-LUMO gap (3.51 eV) and the absorption (maxima)
spectrum of EN (Fig. 8) in DMSO. However, upon interacting
with anions (F~ and AcO ™), the HOMO and LUMO levels, as well
as the energy gaps, changed accordingly to 1.67 eV and 3.12 eV,
respectively (Table 1). The lower band gap for EN-F could also
be attributed to the fact that the association constant for the
complex is the lowest of the anions used. The HOMO and LUMO
of EN-F and EN-AcO were in both cases concentrated on the
guest unit (F~ and AcO™), while the LUMO was spread across
the skeleton of the structure of the probe. Moreover, the
HOMO-LUMO levels for EN-CN and EN-H,PO, were compa-
rable in their values and distributions, with the HOMO clouded
on the thioic unit, while the LUMO was concentrated along the
skeletal frame of the sensor (Table 1). The predictions show that
the HOMO-LUMO gaps decreased in all of the complexed states
(EN-F, EN-AcO, EN-CN and EN-H,PO,) compared to that of
EN, which normally translates into a decrease in the molecular
energy and the stability of the complex. Thus, the lowering of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the HOMO-LUMO gap is responsible for the absorption spectra
undergoing bathochromic shifts and thus colorimetric changes
are observed.

3.5 Solvatochromic studies of EN

The probe was subjected to solvatochromic studies in order to
investigate and study the optoelectronic properties of EN in

View Article Online

RSC Advances

relation to solvents of different polarities. Characteristically, it
was noticed that many of the chromic shifts shown in the
spectra were of a hyperchromic and hypochromic nature, and
there were limited bathochromic and hypsochromic shifts
(Fig. 8). Most spectra appear to have less intense and broader
absorption peaks within the defined spectral range (300 nm to
400 nm), which are in the same region as the main high-energy

Table 1 Frontier molecular orbitals of EN and its interactions with anions in DMSO

Energy gap
HOMO LUMO (ev)
EN & 3.61 eV
-5.81 eV -2.20 eV
]
EN-F 1.67 eV
-3.54 eV -1.87 eV
EN-AcO &# 312 eV
-5.07 eV -1.95 eV
~
EN-CN $ 3.48 eV
-5.63 eV -2.15eV

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)
Energy gap
HOMO LUMO (eV)
EN-H,PO, 3.35 eV
-5.29 eV -1.94 eV
the same range as the others (300 nm to 400 nm), with maxima
08+ at 314 nm and 400 nm (Fig. 8). In actuality, the spectrum in
0.7 4 — Chloroform DMF experiences a bathochromic shift entirely, compared to
:gxgo the rest of the spectra, with the delocalized w-m* transition (at
061 EtOH 253 nm in DMSO) red-shifted to 314 nm, while the charge
Isopropyl Alc transfer high energy band (at 353 nm in DMSO) is further red-
2 MeOH shifted to 400 nm as a broader band. The only major change
< —Cq, in this spectrum is the molar extinction coefficient, which
— THF experienced a significant decrease, as it undergoes a significant
Toluene bathochromic shift.
CHCN Interestingly, EN did not display any noticeable absorption
014 response in CH3;CH in the anticipated functional range,
compared with the other solvents. However, the molecular dye
0.0 . . . . . . has displayed high molar extinction coefficients (hyperchromic
325 350 375 400 425 450 effect) in the solvents CCl, and CHCl;. The spectral character-
Wavelength (nm) istics of typical molecular dye sensitizers which are the most

Fig. 8 Absorption spectra of EN (1 x 107> M) in different solvents for
solvatochromism, at room temperature.

intense peak, thus it is hard to assign a specific absorption
wavelength for each of these. However, in DMF, the spectrum of
EN is well defined into two distinctive absorption peaks within

Table 2 UV-visible absorption maxima of EN in different solvents®

informative about the quantum efficiency are: (i) the molar
extinction coefficient and (ii) the broader absorption range. A
higher molar extinction coefficient normally enhances photon
harvesting, which usually increases the quantum efficiency.
Similarly, the broader absorption range of a dye, extended from
the visible to near infrared (NIR) regions, increases the

By (eV),
Solvent Amax (Nm) £ (10* L mol ™' em™) Eu-1 (eV), BG, Abs. range (NMopger) BG* range (eV) (calculated)
EtOH 350 4.33 3.54 305-412 4.07-3.01 3.67
MeOH 350 5.33 3.54 300-412 4.07-3.01
CH;CN — — — — — —
THF 342 3.81 3.63 290-405 4.28-3.06 3.58
CHCl; 353 8.35 3.51 306-419 4.05-2.95
CH;CHOHCH; 350 4.33 3.54 305-412 4.07-3.01
CCl, 364 7.97 3.41 314-450 3.95-2.76
DMSO 353 4.33 3.51 308-437 4.02-2.84 3.61
DMF 319, 403 1.52, 0.50 3.89, 3.07 300-385, 403 4.07-3.22, 3.07 3.61
CeH5CHj3 356 3.79 3.48 290-425 4.28-2.91 3.49

“ BG* signifies band gap.
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Table 3 Frontier molecular orbitals of EN computed in different solvents
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Solvent/Ey; 1, HOMO LUMO

Vacuum, 3.32 eV ):'K &
-553 eV 221 eV

Ethanol, 3.67 eV & g
-5.95 eV -2.28 eV
-5.81 eV 220eV

THF, 3.58 eV :: i :' &
-5.77 eV -2.19eV

DMSO, 3.61 eV :: i !: £
-5.81 eV -2.20 eV
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Table 3 (Contd.)
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Solvent/Ey_p, HOMO

LUMO

Toluene, 3.49 eV

-2.19eV

-5.68 eV

Methylene chloride, 3.47 eV

-5.81 eV

functional absorption range, which in turn increases the overall
quantum efficiency. Significantly, higher molar extinction
coefficients are associated with metal-free dye sensitizers,
which lead to the enhancement of the overall incident photon to
current quantum efficiency (IPCE) of the cell.”” In Table 2, the
varying molar absorptivities, hence the band gaps (BGs), from
different solvents are shown, with CCl, and CHCI; solvents
showing the highest extinction coefficients, thus, potentially
resulting in a better photon harvester.

3.6 Solvatochromic effect on the optoelectronic properties of
EN

The energy band gap (HOMO-LUMO gap) is a determining
factor of whether a material can be classified as a conductor (no
band gap), semiconductor (=1 eV) or insulator (=9 eV). Thus,
the optoelectronic properties of EN were investigated and
studied in the different solvents, both experimentally and
theoretically, as shown in Fig. 8. In the solvents used, both the
optical and electronic properties have demonstrated that the
varying absorption maxima of EN are concentrated in the UV
region of the spectrum, ranging from 290 nm-450 nm or 4.28
eV-2.76 eV, respectively (Table 2). Moreover, the absorption
broadness varied slightly with each solvent, resulting in the
different absorption ranges, hence the varying energy gaps. In
both cases, the theoretical HOMO-LUMO gaps in different
solvents were closely in agreement with experimental values
(Table 2). Several methods can be used to determine the band
gaps of molecular dyes, both experimentally and theoretically,
commonly by applying the expression below (eqn (1)).

29476 | RSC Adv, 2021, 11, 29466-29485

-2.20eV

Conclusively, it can be concluded that EN may be a potential dye
sensitizer for solar cell applications, however, electronic tuning
is highly needed in order to red-shift the optical properties
within the visible light region for better photon harvesting.

Eq 1 (eV) = 1240/% (nm) (1)

3.7 Theoretical studies of EN

In order to supplement the experimental data above, theoretical
simulations (DFT) at the BLYP/6-31G** (Spartan’14 package)
level in different solvents were performed to understand the
variation and possible geometrical conformation of EN. Thus,
calculations based on density functional theory (DFT) were
applied in order to understand the molecular structure and
electron distribution.”* The HOMO was generally distributed
on the thioic unit, while the LUMO cloud was mainly distrib-
uted across the structural skeleton, including the pyridine ring
and the sulfur (=S) unit (Table 3). The magnitudes of the band
gaps in each of the solvents obtained theoretically (3.49-3.67
eV) are well within the range of experimental values (3.07-3.89
eV) as displayed in Table 2. Subsequently, the optoelectronic
properties of EN can be modified to improve its dye sensitizing
properties, through the judicious incorporation of functional
molecular units, which could shift the absorption maxima to
the visible light region, hence adjusting the HOMO-LUMO gap
to within the functional wavelengths through quantum
confinement.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.8 Reversibility and reproducibility studies of EN

Since EN is a multi-sensor for almost all of the heavy metal
cations tested (except AI’** and Cr’"), the reversibility and
reproducibility properties of the probe (EN) from a complexed
state with anions (EN-F) were studied using AI**. Reversibility
and reproducibility are normally triggered by the prospect of the
sensor undergoing deprotonation when exposed to the excess
addition of the anion. Thus, in this case, EN was susceptible to
deprotonation, since the association with the anions was
through hydrogen bonding. The reversibility and reproduc-
ibility studies were thus carried out to investigate the likelihood
of separating anions from the complexed state (EN-F) in the
presence of cations (AI’*). The investigation was carried out
using EN-F interacting with Al’*, however, any other anions
(EN-AcO, EN-CN and EN-H,PO,) could be used, while
aluminium was chosen because it was one of the few metal
cations which did not interact with EN. It was also ascertained
that the interaction between EN and the anions was through the
-NH group in the structure, which could easily result in the
deprotonation process when excess anions were added.

As stated, the studies were carried out by selecting the EN-F
complex state, with F~ selected from the others. It was sus-
pected that the interaction of EN with F~ induced the depro-
tonation process (eqn (2)) when F~ was in excess (eqn (3))
thereby separating a proton from EN (leaving a charged EN™
behind). It was evident that the gradual titration of the com-
plexed state (EN-F) with Al(NO3);-9H,O0 led to the deep yellow
colour of EN-F being reverted back to the original pale yellow
colour of EN, as displayed in Fig. 9b. The reversal of EN-F to the
initial state of EN is due to the interaction of F~ with AI** in the
system, which results in the re-protonation of EN, thus
restoring it to its ground state (pale yellow colour).

At a low F~ concentration (hydrogen bonding):

ENH (EN) + F~ o [ENH-F]". )

With excess F~ concentration (deprotonation):

——EN
04 ——EN +5F + 1Al
’ ——EN +5F + 2Al
——EN + 5F + 3Al
——EN +5F
0.3 - §
[2
-1
<
0.2
0.1+
0.0

300 350 400 450 500
Wavelength (nm)

(@)

View Article Online

RSC Advances

ENH + 2F o EN™ + [FHF] (3)

As a result, the reversal and reproducibility were carried out
for several cycles and analysed spectroscopically (Fig. 10a) and
colorimetrically (Fig. 10b), which demonstrated the same trend
consistently, without much interference in the spectra of EN or
EN-F. The consistency of the spectra during the reversibility
and reproducibility process (Fig. 9a) was obviously guided by
the interaction between Al** and F~, whereby only the addition
of AI** to the deep yellow colour of EN-F restored the initial
colour of EN (Fig. 9b). Notably, the visual reversal and repro-
ducibility occurred simultaneously with the restoration of the
absorption spectra of EN (Fig. 9a), where the absorption
maxima were restored to the initial absorption wavelength.
Thus, the quality of the system and its functionality was defined
and characterized by the consistency of the restored spectra as
compared to the original ones. Subsequently, the reversibility
and reproducibility of EN was subjected to logic operation
functions, where F/Al can be used as modulating input-output
entities for predicted combinatorial inhibition (INH) and
implication (IMP) logic functions.

3.9 Logic operation studies with F~/AI’** complementary
inputs

The logic operation functions of EN were further investigated,
prompted by the reproducibility and reversibility properties
above. The complexed state (EN-F) formed after the molar
addition of F~ to EN prompted the subsequent restoration
titration sequences. However, it is worth noting that the addi-
tion of AI** to EN did not yield any interaction signal, either
spectrally or colorimetrically (Fig. 11a). This revealed that EN
has no chemical association with AI** under the given envi-
ronmental conditions, thus confirming that the interaction is
merely with the complexed state instead. The addition of
appropriate combinations of F~ and Al** as sequential inputs
produced the outputs, which are in accordance with comple-
mentary IMP/INH logic functions (Fig. 11a). The binary logic

Fig. 9 Reversibility and reproducibility of EN (1 x 107> M) in DMSO-H,O (a) spectrally and (b) colorimetrically, .

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Reversible cycles and reproducible colorimetric switch of EN (1 x 107> M, DMSO-H,0) reversed and reproduced by the addition of F~
and Al**, respectively, (a) repeating cycles and (b) colorimetric switch of up to 4 cycles.

process is initiated (ON) by the addition of input In1 (F~) and
reversed (OFF) by the input In, (AI**). The spectral changes at
394 nm upon the addition of F~ to EN are complementary to an
INHIBIT (INH) logic gate, while the reversal of the system to
354 nm upon the molar addition of AI*" are in accordance with
an IMPLICATION (IMP) logic gate.

Furthermore, the molar addition of up to 4 equiv. of AI*" to
EN + 5 equiv. F~ induced a pale yellow colour, concomitant with
the spectral change from 394 nm back to 354 nm (Fig. 11a).
Specifically, the addition of AI** has no significant interaction
with EN, thus these activities are centered around F~ and AI**
within the solution (Fig. 11c), leaving EN re-protonated again.
The interaction of F~ and AI** in the solution at the molar level
does not interfere with the functions and properties of EN by
forming solid residues or precipitates, as evidenced by the
purity of the spectra. Practically, the ON and OFF reversible
processes solely depend on the molar concentrations of the
counter cations and anions, electrostatically, in the solution
system. The stability of EN was further demonstrated when 5
cycles, including colour reversal and restoration changes
(Fig. 11a and c), were tested for the F~/AI>* modulation system,

29478 | RSC Adv, 2021, N, 29466-29485

which demonstrated the consistency of the switch and resto-
ration interactions. Moreover, after these 5 cycles, the system
could still carry on with more cycles without showing any
serious sign of interference, either spectrally and colorimetri-
cally. The IMP (implication) gate, which is an output comple-
mentary to an INH (inhibition) input, was therefore proclaimed.
In the truth table (Fig. 11b), the corresponding chemical inputs,
spectral output signals and their binary encoding are compiled
and presented. Thus, these logic gates can be combined in
a complementary output circuit whose electronic equivalents
are represented in Fig. 11d.

3.10 Detection of F~ in real samples (toothpastes and
mouthwash)

The real time application was investigated and carried out to
prove and test the effectiveness of EN as a sensor towards
anions, particularly F~, by employing quantitative analysis,
using two commercial toothpastes and a mouthwash, which are
well known to contain standard concentrations of fluoride ions.
The preparation of the toothpaste sample solution was
prepared according to a known method, as 20 mg ml~" in 1 ml

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 (a) Absorption spectra of EN (1 x 107> M) in DMSO-H,0 with F~

(d)

and the molecular logic functions “IMP" (354 nm) and “INH" (394 nm), (b)

truth table, (c) reversible and reproducible colorimetric activities and (d) schematic representation of a combinatorial IMP/INH logic circuit.

of H,0. The two common toothpastes selected were named
toothpaste 1 and toothpaste 2 and were used alongside
a mouthwash, all of which were readily available in local
retailers. The toothpaste aqueous solutions were titrated
against EN (1 x 10~> M in DMSO-H,0) in molar quantities. The
sequential molar addition of the mouthwash solution to EN
resulted in spectral changes, clearly displaying the disappear-
ance of the peak at 354 nm simultaneously with the appearance
of a new band at 394 nm (Fig. 12b) through an isosbestic point
at 375 nm. The spectral patterns and behaviours of the
mouthwash are quite close to those of EN vs. F~ among the
other anion standards used (Fig. 12a). The well-defined spectral
response of EN vs. mouthwash demonstrates the high concen-
tration of fluoride ions in the mouthwash, as compared with the
others (toothpaste 1 and toothpaste 2), especially when volu-
metric quantities were used (40 pL of toothpaste 1 & 40 puL of
toothpaste 2 vs. 4 uL. mouthwash). Consequently, the definition
and resolution of the spectra evidenced that the concentration
of fluoride ions in the mouthwash was higher than those of
toothpaste 1 and toothpaste 2, especially considering the volu-
metric quantities used in titration. Evidence of the presence of
F~ in the toothpastes and mouthwash can be extracted from
comparing with the spectra of the standard anions (CN~, AcO™,
H,PO, and F ), and they were closely related and more similar
in nature to the spectrum of F~ than those of the other three
(Fig. 12a).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Moreover, the titrations of EN with toothpaste 1 and tooth-
paste 2 exhibited similar patterns to those of EN-F, whereby
they experienced similar spectral shifts (Fig. 12c and d). The
molar addition of toothpaste 1 to EN resulted in a slight
decrease of the peak at 354 nm, concomitant with the appear-
ance of a charge transfer-based band in the region of 400-
450 nm (Fig. 12c¢). The appearance of the charge transfer band is
ascribed to the interaction of EN with the F~ present in tooth-
paste 1, which proves the presence of the analyte in the tooth-
paste. The same method was used in the titration of toothpaste
2 with EN, which showed similar patterns to EN vs. mouthwash
and EN vs. F~, even though the resolution of the spectrum
confirmed that the concentration of fluoride ions is slightly
lower in toothpaste 2 (Fig. 12d) as compared with those of
toothpaste 1 or the mouthwash. However, the most important
take home message is that EN could clearly detect fluoride ions
in real samples, which is highly vital for the development of real
time analytical kits which are suitable for in-field analysis.
Thus, EN is confirmed to be highly selective and sensitive to F~
and other anions, even when dissolved in water, which is highly
ideal for real time analysis.

3.11 Detection of ionic species in saline water samples

The multi-discriminatory power of EN prompted the use of the
probe in the investigation of the presence of ionic species in

RSC Adv, 2021, T, 29466-29485 | 29479
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Fig. 12 UV-vis spectra of EN (1 x 107> M) in DMSO-H,O: (a) combined absorption spectra of the different anions, (b) mouthwash (4 uL), (c)
toothpaste 1 (20 ulL) and (d) toothpaste 2 (20 pL) upon the addition of drops of the toothpaste solutions (20g ml™) in H,O.

saline water. The samples of saline water (underground water)
were collected from Iiputu Village in the Omusati Region,
northern Namibia, located at coordinates of 17°3826.62” S and
15°38'00.35” E. This region is known for its prevalent saline
underground water at a depth range of 5-100 m.** The samples
were collected from two adjacent wells, separated by a distance
of about 100 m. The wells were (and are still) used as sources of
water for household consumption and animals (cattle, goats/
sheep, donkeys and others), especially during dry summers
and drought seasons. The methodology used was as follows:
a sample was collected from each well, then the samples were
left for evaporation at room temperature; upon naturally evap-
orating 85% of the water, the remaining 15% of the aqueous
saline concentrate was titrated against EN (1 x 10~° M) in molar
equivalents. Consequently, upon the molar addition of the
saline solution of Sample 1 to the solution of EN, spectral shifts
were observed, where the peak at 354 nm experienced a rapid
decrease, while a new peak in the region of 400-450 nm
appeared with the gradual increase of the addition of the
Sample 1solution (Fig. 13a). The same could be said for Sample
2 from the second well, where a hypochromic shift was

29480 | RSC Adv, 2021, N, 29466-29485

experienced at 354 nm concomitantly with the appearance of
a new peak in the region of 400 to 450 nm (Fig. 13b).
Obviously, it could be confirmed that the two saline samples
contain ions of sort, which could possibly be heavy metals, as
the spectra resemble the spectra of some of the metal cations
used (Fig. 13c). The similarity selection was based on the
characteristics of the peak behaviours upon the gradual addi-
tion of the analytes, which included the positions of the iso-
sbestic points observed. In addition to the spectral shifts
experienced by EN upon molar titration with Sample 1 and
Sample 2, as explained above, the two isosbestic points for each
of these were at 319/376 nm and 320/374 nm, respectively
(Fig. 13a and b). It follows that the isosbestic points for Sample
1 and Sample 2 were compatible in their spectral position and
shape with those of Fe**, Pb*, Sn** and Fe*" (Fig. 13c). Thus,
this could mean that the samples were contaminated with
metal fluoride salts, as conclusively suggested in Section 3.10
(Fig. 12), of which the metals could be Fe*" (FeF;), Fe** (FeF,),
Pb*>* (PbF,) or Sn>" (SnF,). However, the geological occurrence
and chemical stabilities of some of these metal salt compounds
are known in this location, while some of them are rarely known

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.13 UV-vis spectra of EN (1 x 107> M) in DMSO-H,0 with (a) aqueous saline Sample 1 (15 pL) and (b) aqueous saline Sample 2 (15 pL), both in
H,0, (c) combined spectra of the selected cations and the saline samples and (d) combined spectra of the selected real samples as well as the

selected ions.

in chemistry (FeF; & PbF,) or to be in this area (FeF;, PbF, and
SnF,). Thus, the identity of the metal salt compounds leaves
much to be desired, but FeF, and SnF, could be in close prox-
imity, both in their spectra shape and position, as well as their
occurrence in this location. However, a completely different
dimension could be the possibility that the metal salt here is not
of a heavy metal cation, but rather of a group metal cation, such
as calcium fluoride (CaF,) or magnesium fluoride (MgF,), which
are all prevalent in this location. Conclusively, it appeared that
the two samples from separate wells contained the same type of
salinity source, despite coming from two different wells, given
the structures and characteristics of their absorption spectra.
Another comparison carried out was the mixture of real samples
with F~ and Fe**, which still evidently showed the presence of
fluoride ions in both saline samples (Fig. 13d).

3.12 The cross detection studies of EN towards cations

Since EN exhibited multi-colorimetric and spectroscopic
behaviors, cross detection studies were investigated in order to

© 2021 The Author(s). Published by the Royal Society of Chemistry

establish the order in which cations can be detected in the
presence of other competitive cations. Thus, sequential titra-
tions were carried out in a single system in order to identify
which cations were dominant over the others. The method used
a one-off addition of 10 equiv. of the analyte (cation solution) to
the sensor (EN) solution (1 x 10~° M) in different sequences, as
displayed in Fig. S3a-vf. The one-off addition of 10 equiv. of
Ni*" to EN, was sequentially followed by another 10 equiv. of
Co®" and then 10 equiv. etc., as indicated in Fig. S3af. The
outcome of these sequences was such that changes in the
spectral activities were observed accordingly which were specific
to cations added (Fig. S3a-v{). Obviously, some of the cations
showed superposing power when added to the probe in the
presence of other cations. For instance, the addition of Cu*" was
immediately noticeable irrespective of the presence of other
cations in the solution. Thus, it could be said that the Cu** ion
superposes all other cations present in the solution (Fig. S3ct),
followed by Ni**, as displayed in Fig. S31. Importantly, most of
the cations displayed unique fingerprints in the presence of
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anions.

other cations, which makes EN very versatile in its application
towards these cations. Clearly, cations such as Pb**, Cd** and
Hg>" did have significant impacts upon being added to the
sequence of cations in the solution, exhibiting strong associa-
tion and binding relationships with EN. Remarkably, the
stability and chemical fingerprints of EN upon the addition of
sequences of different cations were not affected or denatured by
the presence of the different cations, as displayed by the
consistency of the spectra.

3.13 Competitive studies of EN with cations and anions

In order to address the selectivity issues, it is vital to establish
the competitiveness of anions and cations towards EN when all
are present in one solution mixture to determine which species
predominate over the others. Since EN interacts with most of
the heavy metal cations, the titration spectra of all of the sensed
cations were combined into one graph, upon adding 2 equiv. of
each cation. It was established that the affinity of cations
towards EN was more pronounced for Cu®>" and Zn”*, as dis-
played by their spectra, which differed from the others
(Fig. 14a). Importantly, after the addition of 2 equiv. of each, the
two spectra were different in their characteristics too, with Zn>*
displaying a more enhanced peak centered at 398 nm, while the
peak of Cu®" was slightly red-shifted to 422 nm as it experienced
a hypochromic shift. The two heavy metals are slightly equally
competitive, however, in different ways that are distinguishable
from each other in terms of their spectral characteristics, as also
displayed by the cross detection studies (Fig. S31). However,
overall, it was established that Cu®>* supersedes all other cations
when it is present in the solution, as the detection sequence
studies revealed. Furthermore, competitive studies were also
carried out for the anions, where it become evident that CN™
was more competitive than the others, followed by AcO™
(Fig. 14b), upon the addition of 4 equiv. of each anion. This
shows that the association constant for EN-CN is highest
compared to those of all of the other anions.
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4. Conclusion

A multi-colorimetric sensor based on a pyridyl-thioic moiety has
been synthesized and its application for discriminating between
cations and anions has been studied in a DMSO-H,O solvent
mixture. The probe (EN) was able to discriminate between most
of the heavy metal cations used, including the most toxic ones
(cd**, Pb®" and Hg>") in environmental and physiological setups,
however, it was established that it has a higher affinity towards
Cu”* and CN". Generally, probes for heavy metals such as Cd>*
and Pb®" are very rare in the literature, especially in aqueous
soluble solvents such as DMSO. In addition, the probe was also
able to detect the presence of anions such as CN~ and OH™ in the
same solvent mixture, which are very critical in environmental
and physiological systems. Furthermore, since colorimetric
changes are caused by hydrogen bonding-induced charge trans-
fer upon interacting with anions, the reversibility and reproduc-
ibility properties of EN in relation to the anions and AI** were
studied. Influenced and guided by the deprotonation process
(when F~ is in excess), the molecular logic function properties of
EN were explored, in which EN was found to exhibit comple-
mentary IMP/INH logic functions, based on colour and spectral
switching (ON/OFF), modulated by F~/AI**. Moreover, and more
importantly, EN was used to detect the presence of F~ in tooth-
paste products and mouthwash and it turned out that the probe
was able to sense fluoride ions in aqueous solutions. The
experimental studies were complemented by the theoretical
studies, which all turned out to be in agreement with each other.
Thus, EN not only has the potential of being transformed into
a commercial product to develop analytical kits for field work
analysis, but has high potential to be a valuable addition to the
body of scientific knowledge in the areas of material and
analytical chemistry, which are highly desirable.
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