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ABSTRACT: A thirst for the development of a simple fluorescence probe for enhanced sensing application has been achieved by
synthesizing a stupendous thiophene-appended benzothiazole-conjugated compound L2. The synthesized compound L2 was
characterized using nuclear magnetic resonance and mass spectrometry techniques. Furthermore, a photophysical property of L1 and
L2 reveals the enhanced emission spectrum of L2 because of a restricted spin—orbital coupling as a result of increased conjugation
compared to the ligand L1. Therefore, comparative studies were undertaken for L1 and L2. Henceforth, L2 was deployed for the
ratiometric detection of Cd*" ions in THF:water and L1 for the detection of Cu** ions in THF medium. The chemosensor L2 shows
an outstanding water tolerance up to 60% and is stable between pH 2 and 7. This level of water tolerance and stability make L2 a
suitable probe for analyzing real-time and biological samples. While the cadmium ion was added to L2, there was a significant red
shift in emission from 496 to 549 nm, which indicates the controlled ICT due to complex formation. The metal—ligand
complexation was also confirmed by noticing a decreased band gap of metal complex compared to the ligand as calculated using
Tauc’s plot with solid-phase UV data. The stoichiometric ratio was obtained by Job’s plot that exhibited a 1:1 ratio of L2 and Cd**
ions, and the limit of detection (LOD) was found to be 2.25 nM by the photoluminescence spectroscopic technique. The
fluorescence lifetime of both L2 and L2-Cd>* was found to be 58.3 ps and 0.147 ns, respectively. Alongside, the colorimetric-assisted
ratiometric detection of Cu** by L1 with 1:2 stoichiometric ratio having an LOD of 1.06 X 1077 M was also performed.
Furthermore, the practical applicability of the probe L2 in sensing cadmium was tested in sewage water and vegetable extract; the
recovery was approximately 98 and 99%, respectively. The experimental data were supported by theoretical investigation of
structures of L1, L2, L1-Cu**, and L2-Cd**, complex formation, charge transfer mechanism, and band gap measurements done by
quantum chemical density functional theory calculations.
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1. INTRODUCTION

A struggle for the substantial discovery of scintillating
fluorescent compounds for sensing application has been a
constant search for a long period of time. A simple alteration to
already-existing compounds and reaction procedures will lead to
a subtle way for the development of enhanced fluorescent probes
for sensing toxic and harmful chemicals, which were discarded
into the ecosystem because of an anthropogenic factor. Among
many other sensing techniques, fluorescence (FL)-based
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sensing probes have exceptional sensitivity, selectivity, an easier

operating procedure, a wide pH range, and capability to deal
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with real-time sample analysis.' ™ In such a context, thiophene
has been proven to be an excellent moiety as a precursor for the
development of various sensing probes because of its structural
and synthetic diversity, color tuning of the absorption and
emission spectra, optimized band gap, and charge transfer
ability. Despite all such useful properties, the fluorescent
quantum yield of thiophene compounds is very low because of
strong spin—orbit coupling of sulfur. This ultimately results in
efficient intersystem crossing (ISC) coupled with a nonradiative
process.’

However, the shortcomings can be rectified by increasing the
conjugation length, and the corresponding fluorescent quantum
yield (®g) thus increases. Keeping this in mind, a novel
fluorescent probe L2 has been synthesized by having L1 as
reference. The L1 compound was reported earlier by Lindgren
et al.” However, L1 lacks fluorescent emission because of a
strong ISC and nonradiative emission between T, (triplet
excited state) and S, (singlet ground state). Henceforth, the
synthesis, properties, spectral data, and application of both L1
and L2 (Figure 1) were compared and presented.
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Figure 1. Structure of the synthesized probes L1 and L2.

In effect to sensing application, we employed both the
compounds for various selectivity processes and found that both
L1 and L2 were good at metal ion detection in an experimentally
calculated concentration and also in real-time samples.” The
detection of metal ions is a crucial part because it made to the
alarming level of contamination in the ecosystem. Obviously, a
modernization and ostentatious living crippled with time-
consuming durables for an outstanding result brought in an
enormous industrialization, which uses harmful chemicals and
minerals. These industries release toxic metal ions and other
toxic organic molecules into the environment.” "' Among many
metal ions, cadmium and copper are the two heavy metals that
had been detected by the ligands L1 and L2, respectively. The
investigation by UV—vis and photoluminescence (PL) studies
displayed an outstanding selectivity toward Cu** and Cd*" by
the ligands.

Several compounds in the reported literature were consider-
ing just a single wavelength either quenched or enhanced.”~"*
To the best of the author’s knowledge, L2 is the first compound
of its kind of simple conjugated thiophene-appended
benzothiazole moiety for the ratiometric detection of metal
ions.'”"” Because ratiometric detection simultaneously meas-
ures the ratio of two emission bands,"®'” it can exclude the
distortion from the external environment and produce results
that are more pronounced than intensity-based measurement.

Henceforth, we report a novel fluorescent probe L2 that
contains a conjugated thiophene unit as the fluorophore and
benzothiazole as the recognition unit for the ratiometric
detection of Cd*". The expected fluorescent enhancement and
red shift happen after the addition of metal to the probe. The
charge transfer between L2 and Cd*" after complexation was
found to be the sole responsible factor for the FL change. We

also provide comparative spectral data of ligands L1 and L2. At
the end, we presented the density functional theory (DFT)
studies of the synthesized ligand and complex.”’"** The
comparative outcome of L1 and L2 from our results are
presented in the table below (Table 1).

Table 1. Comparative Outcome of Ligands L1 and L2

properties and outcomes L1 L2
synthesis single step three steps
optical activity UV active UV and FL active
metal ion sensed Cu* cd*
method of sensing ratiometric ratiometric
technique uv fluorescence
solvent used THF THF:water
AIEE NIL 60%
Anax(abs) 353 nm 412 nm

max(emi) NIL 496 nm
isosbestic point 383 nm 523 nm
ratiometric plot Ass3/Ay Fss20m/ Faognm
n—n* transition 412 nm 552 nm
ligand—metal ratio 2:1 1:1
binding constant 593 x 10 M™ 12x 107> M™!
charge transfer mechanism metal-mediated ICT MLCT
band gap (L) 2.83 eV 2.3l eV
band gap (complex) 2.01 eV 224 eV
LOD 1.06 X 107" M 225X 107° M

2. EXPERIMENTAL PROCEDURES

2.1. Materials and Methods. 2-Thiophene carboxalde-
hyde, 2-hydrazino benzothiazole, and all other chemicals were
purchased from Sigma-Aldrich. All the solvents used for
synthesis, extraction, and analytical techniques were of analytical
standard and used without any further purification.

2.2. General Physical Measurements. FT-IR spectra were
obtained using KBr discs with a Shimadzu FT-IR spectrometer
(4004000 cm™). The NMR spectra were recorded on a
Bruker (400 MHz) spectrometer, and chemical shifts were
reported in & (ppm). High-resolution mass spectrometry
(HRMS) spectra were recorded on a WATER-XEVO G2XS-
QT. Absorption spectra were recorded using an Agilent 8453
UV-—visible diode array spectrophotometer using THF solvent.
An Edinburg FLS 980 spectrometer was used to perform the
steady-state photoluminescence studies. Life time determina-
tion of FL was carried out in JOBIN-VYON M/S. The
experiment was carried out in a 405 nm LED for the proximal
excitation of sample having actual excitation pulse at 416 nm.
Ludox (Colloidal silica) was used as a prompt while measuring
life time.

2.3. Sample Preparation. The concentration of the ligand
L1, L2 stock solution was 1 X 10~* M in THF, and the Na*, K",
Ag+, Ca®*, Mg**, Zn**, Cu*', Cu*, Zr**, Fe**, Hg*', Co*", Ni**,
Cd**, and Mn?* metal ion stock solution (1 X 107> M) was
prepared in double distilled water. The stock solutions of ligands
L1 and L2 of 10™* M were prepared using THF and HEPES
aqueous solution (pH 6.5—7.5) in the ratio 2:3 and 1:0,
respectively. All other optical spectral characterization studies
were performed with the above prepared stock solutions.

2.4. Computational Details. DFT calculations of ligands
L1 and L2 and their respective Cu** and Cd** complexes were
completely optimized by using the G16 package. The B3LYP
functional was combined with the 6-31G** basis set to optimize
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hydrogen, carbon, nitrogen, and oxygen atoms and 6-31G(d)/
LANL2DZ for Cu** and Cd*". Frontier molecular structures and
electronic geometries were obtained from the Gauss view 6.1.1
molecular visualization program.

2.5. Real-Time Sample Analysis. The vegetable extract
was obtained by simply blending the sprouted potato in a mixer
and was filtered using a Whatman filter paper to remove the
insoluble junks. Furthermore, the extract’s pH was adjusted to
the optimized working range between 6.5 and 7.5. The sewage
water was collected and filtered to remove the insoluble particle,
and the sensing application was proceeded after spiking up the
solution with a metal ion of 107> M concentration. The obtained
solution was used for photoluminescence studies.

2.6. Synthesis of Precursors and Chemosensor and Its
Characterization. 2.6.1. Synthesis of (E)-5-(2-(Thiophen-2-
yl)vinyl)thiophene-2-carbaldehyde (P2). The compound (E)-
1,2-bis(2-thenyl)ethylene (Pl) obtained by McMurry coupling
as reported by Mahesh et al.,”* and then P1 was further used for
synthesizing (E)-5-(2- (thlophen-Z-yl)vinyl)thiophene—Z-carbal-
dehyde (P2). 73.3 mmol DMF was slowly added to P1 (13
mmol) in DCE at 0 °C. Then phosphorous trichloride (58.5
mmol) was added to the above mixture under a nitrogen
atmosphere. The reaction mixture was then stirred at room
temperature overnight to obtained monoaldehyde as a major
product. The resulting suspension was cooled, diluted with cold
water, and neutralized with sodium carbonate. The obtained
crude product was extracted with DCM and dried. The resulting
orange red crude product was purified with column chromatog-
raphy using hexane and ethyl acetate as an eluent. Thin-layer
chromatography observation shows two spots: first, a bright
yellow fluorescent and second, a vibrant sky-blue fluorescent.
The two spots were collected separately at 1 and 3% eluents,
respectively. A bright yellow fluorescent product was confirmed
as P2. Yield: 73.65%, FT-IR: (KBR, v/cm™"): 1654.89(—C=
0), 953.17 (trans-vinylene). 'H (CDCl;, 400 MHz, § ppm):
10.113(1H, s), 7.919(1H, d), 7.558(2H, q), 7.418(1H, d),
7.384(1H, d), 7.311(2H, t), and the final confirmation was
obtained from HRMS (ESI) data: calculated for C;;HgOS, (M +
H) 220.00, found 221.00 (Figure S1).

L1 was prepared as per the procedure mentioned in ref 7 for
further spectral studies. L2 was prepared by reacting P2 (0.2 g,
0.9 mmol) with 2-hydrazinobenzothiazole (0.149 g, 0.9 mmol)
in ethanol, RT for 3 h (Scheme 1). The reaction was catalyzed by
a few drops of concentrated sulfuric acid. A visible yellow to
reddish orange change was observed when sulfuric acid was
added to the reaction mixture. The final product was filtered
with Whatman filter paper and washed thoroughly with
methanol until the starting material was removed completely.
Later, the compound was dried under vacuum for 2 h. The solid

Scheme 1. Representation of Reactions Involved in Synthesis
of Desired Product L2

(i) Dry THF, Zn, TiCl, QA
™ e LN
(ii)Reflux, 70°C, 2 Hrs \ /)
B . \N O _ POCl,DCE
N \ / e H RT Overnight

HN‘L@

A _CaHOH, H*
| A\ < O+ HN" ‘(\ :@ TR, 3Hrs I
/

P2 L2

itself shows a bright yellowish orange fluorescent color (0.156 g,
yield 83%) 'H (DMSO, 400 MHz, § ppm): 8.221 (1H, s), 7.750
(1H, d), 7.483 (1H, d), 7.397 (1H, d) 7.315 (3H, m), 7.227
(1H,s),7.183 (1H, d), 7.140 (3H, m), the —NH proton was not
observed in NMR because of fast H-exchange in the NMR times
scale”® (Figure S2a). However, we preliminarily confirmed the
presence of NH protons by FT-IR, and the final confirmation
was done with HRMS (ESI) data: calculated for C,gH,3N;S; (M
+ H) 367.0360, found 368.0367 (Figure S2b). *C NMR (400
MHz, DMSO-d6): § 167.07, 143.92, 142.00, 138.26, 131.26,
128.66, 128.11, 128.03, 126.64, 1264, 12320, 122.21 and
121.32 (Figure S2c).

3. RESULTS AND DISCUSSION

3.1. Characterization and Optical Characteristics of L1
and L2. L2 was completely characterized by FT-IR, NMR, and
HRMS. The formation of products was confirmed by NMR and
mass spectroscopy. The formation of an imine group was
confirmed by the presence of a sharp singlet at 8.221 ppm
(—CH=N), and a trans vinylene-linked thiophene was
confirmed by the value of the corresponding coupling constant
(J=17.2 Hz) in '"H NMR. The final confirmation was also done
with HRMS, and experimental data (368.0367) were in good
agreement with the calculated data (367.0360) for the L2
compound (C;5H;3N;S;). The respective isotopic peaks were
also obtained in a perfect ratio of mass 369.0361, 370.0322, and
371.0329.

The optical behavior of L1 and L2 was investigated by UV—
vis and PL spectroscopic techniques. The synthesized
thiophene-appended imine-linked thiazole moieties did not
show a significant change in absorbance and emission intensity
by the solvatochromic effect. However, both L1 and L2 have
shown a significant red shift with highly polar DMSO and DMF.
Thus, it can be concluded that high polarity has been required to
relax the ICT excited state to result in red-shifted emission.

THEF was a chosen as a solvent because the red shift of the
ligand peak in UV—vis absorbance was almost closer to the one
which was observed for the highly polar solvents. A point to note
is that THF is also an easier solvent to handle than DMSO and
DMEF. Later, aggregation studies were performed in different
ratios of water and THF. L1 was found to be tolerant to just 10%
of water, but L2 shows a greater tolerance up to 60% of water. An
aggregation-induced emission enhancement (AIEE) was seen
until 60% of water. Later, the aggregation-induced quenching
took place (Figure 2a). The pH study was also conducted in the

FL Intensity (a.u.)

" 450 500 550 600 650 450 500 550 600 650 700

Figure 2. (a) Aggregation effect of L2. (b) Effect of pH on the emission
spectrum of L2. (c) Visible color gradation of L2 in THF with different
pH solutions. (d) FL observance of the pH effect of L2 in THF.
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varying range of pH from 2 to 12. The FL intensity of L2 in
varying pH is given in Figure 2b,d. The naked eye observation
clearly depicts a color change only in pH 10 to 12 in UV light
Figure 2¢ and in pH 11-12 in FL illumination. However, the
photoluminescence investigation shows a similar emission of L2
in the pH range of 2—7; there was a significant decrease in pH
from 8 to 12. In addition to that, there was no significant red shift
in emission wavelength in either acidic or basic pH. Along with
this, there was a significant quenching of FL of L2 in pH 12.
Thus, the optimized neutral pH of range 6.5—7.5 was chosen to
proceed for further optical characterization and sensing
applications. The quantum yield of L2 by the relative method
was found to be 0.002939. The procedure for calculating
quantum yield has been presented at the end of the Supporting
Information.

3.2. Sensing Behavior of Probes L1 and L2. The cation
sensing capability of both the ligands was evaluated in THF and
HEPES buffer solutions of ligand and metal solution,
respectively. Based on the water tolerance studies, we prepared
L2 stock in THF and HEPES buffer in the ratio 2:3, whereas the
L1 was prepared in THF alone. The higher energy (weak band)
absorption spectra of L1 were observed at 230 and 274 nm,
which was due to 7—z* transition, and the lower energy (strong
band) absorption spectra appeared at 353 nm which is
responsible for the strong intramolecular charge transfer
between the donor (thiophene) and acceptor (thiazole).
Similarly, the weak and strong bands of L2 were observed at
253, 320, and 416 nm. Also, L2 displayed a strong emission
spectrum at 496 nm (Figure S3).

The solid-phase absorbance spectra of both the ligand and its
metal complex show a hypochromic shift (~29 to 92 nm) and
show a broad spectrum because of the disappearance of 7—7x*
transition as a result of restricted C—C rotation (Figure S$4).

An outstanding selectivity of L1 toward Cu** had been seen
through a naked eye. The instantaneous change from colorless
to yellow was seen when Cu®* was added to L1 (Figure 3c).
There was no significant change in color when other competitive
metal ions were added to the ligand solution. This was
confirmed by the UV—vis absorbance study. As shown in Figure
4a, it can be undoubtedly concluded that L1 is highly selective to
cupric ions. The detail regarding the noninterference of other
metal ions toward Cu’" sensing is displayed as a bar chart
(Figure SSa). The abrupt decrease of absorbance at 353 nm
(ICT of the ligand) and the emergence of a new peak at 412 nm
(n—n*) clearly show the metal complexation followed by metal-
mediated ICT. Thus, L1 proved to be a highly selective sensing
probe for cupric ions. However, as mentioned earlier because of
spin—orbit coupling the compound does not show emission
under FL spectra. Hence, it restricts to be an excellent naked eye
colorimetric sensor toward Cu®* ions.

Desire of developing a fluorometric probe has been fulfilled by
L2. It was employed to three-way detections like naked eye and
colorimetric and fluorometric methods to detect the metal ions
in a competitive environment. The ligand shows exceptional
optical properties and selectivity which can be seen in Figure
3a,b, and the interference effect with other metal ions has been
given in the Supporting Information, Figure S5b. The naked eye
detection clearly shows a visible color change from yellow to pale
orange, and under fluorescent light, a yellow to orange
fluorescent color change can be seen. The naked eye detection
was further analytically confirmed by both colorimetric and PL
studies. We expected that the compound could sense Cu’* as
like L1. Surprisingly, L2 shows a selectivity to Cd*". We also

2 |

Co?* Mn** Cr?* Zn** Cu** Ag* Fe* Cu* Cd** Hg? Zr** Ni** Na* Mg?* K*

Figure 3. (a) Optical naked eye detection of Cd** by L2 under visible
light. (b) Visual observation of the color change upon addition of
cadmium to L2 under FL. (c) Perceptible color change upon addition
of Cu®* to L1 and comparative observation with other metal ions.
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Figure 4. (a) Selectivity of L1 to Cu®* over other metal ions by UV—vis
spectroscopic response and (b) selectivity of L2 to Cd** over other
competitive metal ions by the PL response.

noticed a noncommendable quench of FL, when Cu** was
added because of its paramagnetic nature. However, the small
interference by copper was eliminated by adding a masking
agent S* ion, which forms a stable CuS species. While adding
Cd** there was a commendable weakening of emission intensity
at 416 nm, and a new peak was observed at 552 nm. The
coordination of cadmium ions increased the planarity of L2 and
therefore increases the conjugation of the probe. Henceforth it
exhibits a huge bathochromic shift of 139 nm. There was no
significant change in emission when other competitive metal
ions were added to L2 (Figure 4b).

3.3. Sensitivity Studies of L1-Cu?* and L2-Cd**. To
further confirm the formation of ligand—metal complexes, the
absorption spectra of probes L1 and L2 and PL intensity of L2
upon addition of Cu** and Cd*" were investigated. Upon the
incremental concentration of Cu?** to L1, the 353 nm band
gradually decreased. Meanwhile, a new band emerged at 412 nm
with the concomitant change from colorless to yellow. A unique
isosbestic point at 383 nm indicates the formation of a single
metal complex. In accordance with that, there was a linear
decrease in absorbance at 353 nm with the increase in
concentration of Cu®" in the range of 0—280 uL. Alongside,
the absorbance ratio (A;s53/A4;,) was also correlated linearly
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with the same concentration of Cu’* ion solution (Figure Sa-i—
iii). The slope value was obtained from this ratiometric

FL Intensity (a.u.)

550 600 650 700
Wavelength (nm)

0 50 100 150 200 250 0 1 20 30 40 S50 6 70 80
[Cu®] 103 M [Ca*10 M

Fs52nm/Fag6nm

[ 50 100 150 200 0 10 20 30 40 50 60 70 80

[Cu®] 103 [Cu™] 103 M

Figure S. (a,i) Titration response of L1 in the presence of increasing
concentration of Cu?* by UV spectroscopy. (a,ii) Absorbance decreases
at 353 nm when Cu** was added to L1 gradually. (a,iii) Ratiometric plot
Agtanm/Asssnm of L1 upon addition of copper ion solution. (b,i)
Titration response of L2 in the presence of increasing concentration of
Cd’* by the PL study. (b,ii) FL intensity decreases at 496 nm when
Cd** was added to L2 gradually. (biii) Ratiometric plot Fssynm/Faognm
of L2 upon addition of cadmium ion solution.

calibration plot. Thus, limit of detection (LOD) and limit of
quantitation (LOQ) values for L1 were found to be 1.06 X 1077
M and 3.53 X 1077 M, respectively.

L2 was one such probe tested for multiple ways of detecting
Cd** ions. Henceforth, it was deployed to naked eye,
colorimetric, fluorometric, solid-phase, and real-time sample
analyses. All five methods have shown a positive result. The
result was outstanding with a striking detection limit in
fluorometric detection. Initially, 100 L of 107> M Cd** was
added to the 10™* M concentrated solution of L2. A visible color
change from yellow to pale orange was observed, and further
confirmation was done with UV and FL titration. The UV
titration shows a significant red shift from 416 to 511 nm (Figure
S6). However, the detection limit 1.32 X 107 M was quite low
when compared with FL studies portraying a striking LOD as
225 X 107 M and LOQ as 7.50 X 107'® M. The FL titration
shows a ratiometric increment in a new band at 552 nm with a
gradual decrease of the band at 496 nm. The calibration plot
shows the decrease in FL intensity of L2 upon the addition of
Cd*, and the ratiometric FL intensity (Fss,/F,96) increases
gradually with the concentration of metal solution (Figure Sa-i—
iii).

3.4. Sensing Mechanism of L1-Cu?* and L2-Cd*'.
Furthermore, the stoichiometric ratio of L1:Cu®* and L2:Cd**
was found using Job’s plot (Figure 6). The absorbance change
with different concentrations of L1 and cupric ions indicated the
2:1 stoichiometric ratio, which was further confirmed by
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Figure 6. (a) Job’s plot and (c) B" plot of L1 in the presence of different
concentrations of Cu®"; (b) Job’s plot and (d) B™ plot of L2 in the
presence of different concentrations of Cd*".

electrospray ionization-mass spectrometry (ESI-MS). The
obtained mass 657.10 matches the calculated mass of 659.12
m/z in +2H mode (Figure S7a). The binding constant was
obtained through the Benesi—Hilderband standard formula By
= intercept/slope from the By plot, which shows the binding
efficacy of L1 with Cu®* as 5.93 X 107> M ™",

By a similar method, we obtained the stoichiometric ratio of
L2:Cd*" as 1:1 and binding constant as 1.2 X 107> M™". A solid
confirmation was obtained by ESI-MS showing a peak at m/z of
496.93 corresponding to [L2 + Cd*" — 2H"] (Figure S7b). The
final confirmation was obtained through NMR titration spectra
in DMSO-dg. It is well known that there will be a change in
electron density of the coordination sites of the ligand when
metal binds and thus induces the shift of the nearby proton
signals. The scan was done immediately after the addition of
Cd*" to the ligand in order to get an appropriate result. The
imine proton (H,) displayed a de-shielding effect of 0.0017 ppm,
and the proton adjacent to thiazole nitrogen uplifted to 0.223
ppm (Figure 7a). This situation implied the direct participation
of imine and thiazole nitrogen atoms in binding with Cd** as
represented in Scheme 2. Likewise, the NMR titration of L1 in
the presence of various concentrations of Cu®" ions is given in
Figure 7b. This figure clearly indicates that there was a complete
quenching of the imine CH peak at 8.32 ppm and the CH proton
peak adjacent to thiazole nitrogen at 7.72. The outcomes show
the direct participation of imine CH and CH protons adjacent to
the thiazole nitrogen in metal binding. Thus, the formation of an
L1-Cu®* complex was confirmed through this titration result.

Thus, the comparison of this research work with the
previously reported papers is given in Table 2.>>~*” The results
of comparison clearly show that the previously reported
thiophene-appended imine-conjugated small molecules do not
show any emission spectrum until the metal ion was added.
While we achieved in synthesizing fluorescent probe L2 with a
quantum yield of 0.002939, it shows an enhanced emission upon
addition of cadmium ions. In L2, conjugated thiophene itself
acts as a fluorophore, whereas in previously reported molecules
the thiophene was just used as a recognizing moiety rather,
tuning its photoluminescence properties to make it as
fluorometric probe. L2 is the first of thiophene-appended
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Figure 7. (a) '"H NMR spectra (400 Hz, DMSO-d6) of probe L1 in the
absence and presence of Cu?* ions (0.5, 1 equiv). (b) "H NMR spectra
(400 Hz, DMSO-d6) of probe L2 in the absence and presence of Cd**
ions (0.5, 1 equiv).

Scheme 2. (a) Schematic Representation of Binding of Cd**
Metal Ions with L2 and (b) Binding Mechanism of Cu®* with
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Table 2. Comparison of Efficiency and Uniqueness of L2 with
the Previously Reported Thiophene-Appended Conjugated
Probe

fluorophore and recognizing  fluorescent

ref. unit mechanism LOD

13 triphenyl amine and thiophene  turn-on with LS X 107°M
Cr3+

22 4-diethylaminosalicylaldehyde  turn-on with 448 X 107 M

and thiophene Ln*

23 anthracene and thiophene turn-on with 0.14 X 107 M
it

24 o-aminophenol and thiophene  turn-on with -
Pb2+, Hg2+’
Sn2+

this thiophene and benzothiazole  fluorescent 2.25 nM

work enhancement

with Cd**

small molecules to detect cadmium ions with an outstanding
LOD of 2.25 nM.

3.5. Reversibility and Response Time Studies of L1-
Cu®* and L2-Cd**. The reusability of the sensing probe is
possible when a complexed metal ion was reversed by adding a

ability) to detect the desired metal ion. The L2-Cd** complex
was reversed by adding EDTA into the system. Figure 8a,b
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Figure 8. (a) Reversibility of L1-Cu®* upon the addition of EDTA. (b)
Reversibility of L2-Cd*" with EDTA.

demonstrates how the addition of EDTA reduced the FL
intensity. The introduced chelating ligand (EDTA) thus
captured the cadmium ion to facilitate the renewal of the
probe molecule. The process holds good repeatability for six
times. Thus, from the above investigation it was clearly noticed
that the L2 can be recycled and reused. Likewise, the
repeatability process was also carried out for L1 + Cu®" metal
complex with five times of repeatability. The outcomes of the
reversible experiment display the multiple uses of the probe for
sensing applications.

Time of detection of metal ions by the ligands was obtained by
recording the change in intensity, and absorbance of the probe
for every 2 s. L2 showcased a vibrant FL change in just 7 s when
the FL instrument started to operate. However, according to our
timer, the operating procedure took us S s to initiate the
procedure. Thus, we conclude that the response time of L2 to
the cadmium ion is 12 s (Figure S8).

3.6. DFT Studies and Band Gap Calculation. The
electronic states and structural properties of the ligands L1
and L2 and the complex L1-Cu®>* and L2-Cd** were
theoretically optimized by DFT calculations. The optimized
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structure and molecular orbital diagrams are represented in
Figure 9. From the optimized structure, we obtained the bond
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Figure 9. Theoretically optimized structure and frontier molecular
orbital (HOMO and LUMO) L1, L1-Cu?* and L2, L2-Cd** obtained
by DFT-B3LYP and 6-31G(d)/LANL2DZ program.

length CH=N-Cd and C=N-Cd as 3.294 and 3.343 A,
respectively, in the L2-Cd*" complex. The stability of the metal
ligand coordination was further confirmed with the calculated
interaction energy value. This indicates the greater stability of
the metal ligand complex. The experimental optical band gap
obtained by Tauc’s plots of (ahv)* versus photoenergy (hv) was
found to be less than the theoretically obtained band gap using
the B3LYP/6-31+G** level in the gas phase. The theoretically
calculated bandgap of L2 and L2-Cd*" was found to be 2.96 and
2.35 eV, respectively, whereas through Tauc’s plot we
determined the band gap of L2 as 2.31 eV and for L2-Cd*'
complex as 2.24 eV. The decreased band gap obtained by

experimental data than DFT calculations is due to the
consideration of variable factors including the experimental
procedure, analysis environment, and consideration of the
overall molecule instead of one single moiety.

In free L2, electron density of the highest occupied molecular
orbital (HOMO) was completely distributed over the entire
molecule, and the electron density of the lowest unoccupied
molecular orbital (LUMO) was centered in conjugated
thiophene. Thus, it depicts the ICT from the HOMO to
LUMO. In the L2-Cd** complex, it can be concluded easily that
electron density of the HOMO centered in the metal ion and the
electron density of the LUMO centered in conjugated
thiophene, which probably nullified the ICT between thiophene
and benzothiazole. Thus enhanced metal ligand charge transfer
(MLCT) between cadmium and conjugated thiophene was
observed. This MLCT results in n—z* transition between the
ligand L2 and cadmium jon.

The band gap of L1 is much greater than that of L2; this was
probably due to the nonlinearity of L1 due to limited #
conjugation. However, the band gap of L1-Cu®" is much less
than that of L2-Cd*" complex because an extended conjugation
results in an increase in planarity of the metal complex. This
result was also confirmed by a decreased band gap of 2.01 eV
when compared to its respective ligand L1 and less even in
comparison with L2-Cd*" (2.24 €V). Both in theoretical and
practical observations the band gap of L1-Cu** was found to be
less than that of L2-Cd** (Figure 10).
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Figure 10. Tauc’s plots of (ahv)? versus photon energy (hv) of L1, L1-
Cu’, L2, and L2-Cd**.

3.7.Test Strip, Solid-State Detection, and Real-Sample
Analysis. The qualitative analysis was carried out by preparing a
test strip coated with the ligands L1 and L2. When the respective
metal ion solution of calculated amount was added onto the
strip, a color change was observed. For the L1 strip, it changed
from colorless to bright yellow, and for the L2 strip, the color
changes from yellow to orange. The vibrant color changes were
seen, which is given in Figure 11d,e. In addition to the above-
mentioned test, the L1- and L2-coated silica gel was exposed to
Cu’* and Cd*" solution. The ligand solutions of L1 and L2 were
mixed separately with silica gel and dried in a hot air oven. The
colors of L1- and L2-coated silica gel were white and yellow,
respectively. Then the calculated amount of metal solutions was
added to the respective ligand-coated silica gel and then dried.
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Figure 11. (a) FL response of L2 upon addition of Cd*" purged real
time, samples potato extract and sewage water, (b) solid-phase
detection of Cu®* using L1 in silica gel, (c) solid-phase detection of
Cd?* using L2 in silica gel, (d) color change after the addition Cu** to
L1-loaded test strip, and (e) color change after the addition Cd** to the
L2-loaded test strip.

We observed a significant color change of L1 from white to
yellow upon the addition of Cu®" and L2 from yellow to orange
upon addition of Cd**.

The quantitative practical applicability of the synthesized
probe L2 was tested by detecting the cadmium ion in the sewage
water and the potato extract. The details of extraction and
filtration of the samples are already mentioned in the
Experimental Section. The change of intensity at 552 nm can
be seen in Figure 11a. The samples were tested in potato extract
and sewage water for the detection of cadmium ions. The
recovery of spiked-up Cd** in potato was found to be 98
percentage, whereas in sewage water it was 96 percentage. This
proves that the probe can be used for detecting the sample from
the variable environment after making a necessary adjustment in
the pH value.

3.8. FL Life Time. Life time of FL can be measured by
recording the intensity of FL versus time of decay (Figure S9).
For the experimental procedure, a silicon colloid was taken as an
internal standard or prompt. The calibration had been obtained
with a chi square value of 1.5 for a proximal determination of
standard deviation of the curve. The life time of FL of L2 was
58.3 ps, whereas the time period for the complete decay of metal
complex L2-Cd*" was 0.147 ns, which was found to be much
higher than that of L2. This was probably due to the stability of
the metal complex with enhanced FL at 552 nm in FL
observation.

4. CONCLUSIONS AND FUTURE PERSPECTIVE

Herein, we report a comparison of ratiometric sensing
application of L1 and L2. A novel FL ratiometric sensing
probe L2 exhibits a pronounced selectivity and sensitivity in
detecting cadmium ions. Despite L1 having an outstanding
selectivity for the copper, the detection limit was found to be
lower than that of L2. The emission spectrum is also lacking.
However, L2 shows an ease for PL ratiometric detection of Cd**
with a striking LOD of 2.25 nM. It is noteworthy that the limit
was way less than the permitted level of cadmium in real-time
samples. Additionally, it was proven to be effective in detecting
Cd** in all conceivable contexts like naked eye, colorimetric,
fluorometric, solid state, strip-based, and in real-time samples.
Among the top, the recovery of the spiked-up cadmium level

99% in sewage water and 98% in potato extract shows its
application in the detection of metal ions in the environment.
Thus, it marked a way for developing a portable sensor in future,
and the decreased band gap makes it a potential probe for
developing an optical device.
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