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This study was initially conducted through the synthesis and characterization of a
cyanoacrylic acid based on thiophene-phenylethyl-cyanoacrylic acid (TPC). The receptor
cyanoacrylic acid derivative revealed an “off-on” mode with high selectivity and sensitivity to
Zn?" ions, whereas the selectivity of the optical sensor for Zn%" ions was the consequence of
chelation-enhanced fluorescence. The possible interference of other metal ions in solution was
examined in the presence of different types of metal ion, whereby the results showed high
selectivity and sensitivity with a low detection limit of 7.78 x 1078 M. Furthermore, the geometry
of the TPC molecular structure and electronic properties were examined using density functional
theory and time-dependent density functional theory. A comparison between calculation and
experimental data yielded results indicating that the compound has potential applications in
chemosensors.

1. Introduction

Zinc is the second most abundant essential metal ion found in the human body. It plays a
major role in biochemical processes, including acting as a cofactor of hundreds of enzymes and
a component of regulators of gene expression. It is also a critical element in human
pathophysiology, neurology, and apoptosis.(’:?) Importantly, the World Health Organization has
also recommended a maximum acceptable Zn>* concentration in drinking water of 5.0 mg L™1.)
However, no matter how essential Zn?" ions are for normal growth and development, their
excessive accumulation can lead to cell death. For example, excessive amounts of Zn*" ions can
disrupt and reduce microbial activities, thus causing phytotoxic effects in the soil.#*~7) Therefore,
accurate and sensitive Zn?" ion detection is needed and of great importance for environmental,
human, and ecological health.8-1)

Research on using fluorescence probes to detect Zn** and other metal ions has attracted

considerable attention.!>!3) Among various detection methods, the fluorescence sensing
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technique is popular owing to its nondestructive nature, high selectivity and sensitivity, real-
time response, and naked-eye detection possibility.(!+15) A fluorescence sensor must meet two
basic requirements: first, the ligand molecule must produce a fluorescence signal (signal
selectivity), and second, the receptor must have a strong affinity to the intended ion (binding
selectivity).(19) By using a suitable organic molecule ligand, one can improve the sensor for better
ion binding and increase its sensitivity.(17)

Organic molecule ligands are widely used in various applications owing to their unique
optical and electronic properties. These properties make them essential in fields such as
catalysis, sensors, and drug development. As researchers continue to explore their potential, the
demand for innovative organic ligands is expected to grow significantly. Some of their
remarkable characteristics include their easy-to-design and easy-to-synthesize structure, high
purity, and high processability.18:1) Thiophene and its polymerized derivatives are commonly
used in organic electronic devices and molecular electronics owing to the presence of a sulfur
atom in an aromatic molecule, which confers additional stabilization and excellent transport
properties to its oligomers.??) Furthermore, thiophene is a member of a class of heterocyclic
sulfur compounds with a five-membered ring,2) which is one of the most significant classes of
heterocyclic compounds. Its structure is similar to that of pyrrole, and its conjugated m-system
contributes to excellent electron delocalization, making thiophene derivatives highly fluorescent
and perfect for signal transduction in chemosensors.?? Additionally, thiophene can be attached
to various heterocyclic systems, giving rise to new compounds that exhibit a broad range of
biological effects and reduced toxicity.?3) Most fluorescence sensors based on conjugated
organic molecules are capable of fluorescing at a higher or lower intensity when binding with a
specific ion.?*2) Sensing mechanisms also take account of photo-induced electron transfer,(2%)
intramolecular charge transfer,?”) metal-ligand charge transfer,?® and twisted intramolecular
charge transfer.(>”)

In this study, we developed a new fluorescence sensor from a thiophene derivative
[thiophene-phenylethyl-cyanoacrylic acid (TPC)]. The five-membered heteroaromatic compound
thiophene was employed as conjugating units in designing a novel donor—acceptor structure.
TPC is composed of thiophene, aromatic rings, and cyanoacrylic acid moieties. The cyanoacrylic
acid moieties provide selective binding sites for Zn?" ions over other competitive metal ions. A
Job plot, a method of continuous variation, was carried out to determine the stoichiometry of
ligand—metal complexes.(? Moreover, to better understand the geometrical and electronic
properties of the molecule, computational calculations based on the density functional theory
(DFT) and time-dependent density functional theory (TD-DFT) together with the CAM-
B3LYP/6-31G(d,p) method were performed.

2. Experimentation
2.1 Materials

3-Bromothiophene, 4-formylphenylboronic acid, tetrabutylammonium bromide (TBAB),
tetrakis (triphenylphosphine) palladium, and cyanoacetic acid were purchased from Aldrich,
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whereas N-bromosuccinimide and piperidine were purchased from Merck. All other chemicals
were used as received without further purification. Deionized water was used throughout the
experiment. 'H NMR spectra were recorded on an INOVA VARIAN 400 MHz spectrometer.
UV-vis spectroscopy was realized on a PG Instrument T90+ spectrophotometer. Fluorescence
spectra were recorded using a Perkin-Elmer LS 55 spectrophotometer. The mass spectrum (MS)
was obtained with a GC 6890N (Agilent Technologies, USA) and an MS 5973N (Agilent
Technologies, USA). Finally, FT-IR spectra were taken using KBr disks with a Perkin Elmer
Model System-2000 spectrometer.

2.2 Syntheses
2.2.1 Synthesis of thiophene-phenylaldehyde (1)

3-Bromothiophene (10 mmol, 0.1014 g) was dissolved in toluene under N2, to which
4-formylphenylboronic acid (10 mmol, 0.0884 g), TBAB (0.6 g), and potassium carbonate (30
ml) were later added. The mixture was stirred for half an hour at RT under N,, then
tetrakis(triphenylphosphine)palladium(0) (0.1 g) was added, followed by heating to 90 °C for 24
h. The organic layer was dried over anhydrous sodium sulfate, and the solvent was removed
under reduced pressure. The residue was purified by column chromatography using
dichloromethane:ethyl acetate (10:1 v/v) and gave a reaction yield of 40%. The 'H NMR
(DMSO-d6, 400 MHz) of thiophene-phenylaldehyde(1) exhibits a chemical shift at 10.00 (s, 'H,
-aromatic-C=CHO), 7.90 (s, 'H, - aromatic-CH=C), 7.76 (m, 4H, aromatic-CHO), 7.39 (d,
2H, aromatic-dithieno), and 7.26 (s, 'H, dithieno).

2.2.2 Synthesis of thiophene-phenylethyl-cyanoacrylic

Compound (1) (0.48 mmol, 0.0417 g) and cyanoacetic acid (0.94 mmol, 0.0447 g) were
combined in acetonitrile while nitrogen gas was present, and then 20 drops of piperidine were
added. The mixture was heated and stirred for 20 h under nitrogen gas, and then the solvent was
removed by reducing the pressure. The residue was purified by column chromatography using
dichloromethane:ethyl acetate (10:1 v/v) and gave a reaction yield of 60%. The 'H NMR
(DMSO-d6, 400 MHz) of TPC exhibits a chemical shift at 7.90 (s, 1H, - aromatic-CH=C), 7.76
(m, 4H, aromatic-CHO), 7.39 (d, 2H, aromatic-dithieno), 7.26 (s, 1H, dithieno) FT-IR (KBr,
cm ) v, 1,614.23 (C=C), 1,723.24 (C=0), 2,257.67 (C=N), 2,862.67 and 2,932.40 (CH), and
3,414.84 (OH). MS (GC-MYS): calculated for C;4;HyO,SN [M]: m/z 256.

2.3 UV-vis and fluorescence titration

TPC receptors were dissolved in dimethylformamide (DMF) (2.5 x 107> mol L") and used
for metal ion sensing titration experiments. Stock solutions of Mn?*, Fe?*, Co?", Ni?*, Cu?*, Zn?*,
Cd2*, Hg?', and Pb*" were prepared from their acetate salts. In these titration experiments, TPC
solution was added to the solution of each metal ion and diluted with DMEF. All fluorescence
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spectra were excited at 325 nm. Fluorescence spectra of Zn-TPC complexes were also measured
in the presence of other competitive metal ions (5 x 107> mol L™! of).

2.4 Theoretical model and calculation

Theoretical studies were performed using the density functional three-parameter, CAM-
B3LYP with the LanL2DZ basis set for Zn atoms and the 6-31G(d,p) basis set for the remaining
atoms of TPC without any symmetry restrictions. The solvent effects in DMF were modeled
through the Polarizable Continuum Model. After the optimization of the molecule geometry, the
singlet-to-singlet vertical electronic transition energies were calculated by TD-DFT using the
same functional and basis set. For the fluorescence energies, the geometry optimization of the
first excited singlet state was carried out with TD-DFT gradients. All the calculations were
performed using the Gaussian 09 program package.3!)

3. Results and Discussion
3.1 Synthesis

For the synthesis of the TPC chemosensor, 3-bromothiophene was reacted with
4-phenylboronic acid and with a tetrakis(triphenylphosphine)palladium(0) catalyst under a basic
condition in a Suzuki coupling reaction. The Suzuki coupling reaction transformed the aldehyde
functional group of the thiophene-phenylaldehyde into the cyanoacrylic acid (COOH, C=N)
group by the Knoevenagel reaction with a piperidine catalyst; thereby, the TPC receptor was
obtained as shown in Fig. 1.

A0
Br 0
U . TBAB, 2M K,CO, [\ /
S Pd(PPh;),, DMF S
B(OH), )
N
///
C //0
0 cyanoacetic acid C
/ \ / — . /X
S Piperidene OH

S

1) TPC

Fig. 1.  Synthesis of thiophene-phenylethyl-cyanoacrylic acid chemosensor.
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3.2 Optical and electronic properties of TPC

The TPC molecule was composed of thiophene, aromatic ring, and cyanoacrylic acid
moieties. The electron-donating group in the thiophene moiety was conjugated to the electron-
withdrawing group in the cyanoacrylic acid moiety, causing a change in the m—n" [highest
occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO)] transition
and enhancing changes in the sensor’s electronic configuration and optical properties — a higher
number of active binding sites and a more rigid structure as well as redshifted absorption and
fluorescence spectra (Fig. 2). Through the use of an aromatic ring bridge, the charge transfer of
the TPC molecule involves the transfer of an electron from the excitation state of the electron-
rich thiophene group to the excitation state of the electron-deficient cyanoacrylic moiety. An
analysis of the absorption and fluorescence spectra was performed to investigate the fluorescence
detection behavior of TPC at A
fluorescence color becomes green when excited at 325 nm. The solvent effect causes shifts of

max Values of 325 and 395 nm, respectively, as shown in Fig. 3. The
peaks in the fluorescence spectrum because the carboxylic acid moieties (COOH) can form
hydrogen bonds with polar solvent molecules. The internal charge transfer mechanism of TPC is
the deprotonation of the carboxylic (COOH) group. As the solvent polarity increased, a strong
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Fig.2. (Color online) Proposed schematic structure of Zn-TPC complex in PL wavelength and intensity during
Zn** addition.
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Fig. 3.  (Color online) UV-vis absorption and fluorescence spectra of TPC (2.5 x 107> M) in DMF.
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interaction between the solvent and the carboxylic acid moiety causes a redshift in emission
wavelength. Therefore, DMF as the polar solvent was used in the system to increase the
hydrogen bond formation with TPC because it contains a carbonyl oxygen (C=0) with a lone
pair that can act as a strong hydrogen-bond acceptor. The TPC intermolecular interaction with
the solvent was increased significantly by the cyano group (C=N) because of its high polarity
and ability to form a hydrogen bond.GV

3.3 Selectivity for various metal ions

The selectivity and sensitivity of TPC to various metal ions were examined in DMF. The
binding capacities of the TPC sensor (2.5 x 107> M) toward various metal ions (5.0 x 107> M)
including Mn2", Fe?*, Co?*, Ni2*, Cu?', Zn2", Hg?", and Cd?" were inferred from their absorption
and fluorescence spectra excited at 325 nm, as shown in Figs. 4 and 5(a), respectively. The
addition of various metal ions in the TPC solution resulted in the change of the absorption
spectra, that is, all metal ions caused the absorbance intensity changes but only the absorption
spectra of Zn>* had a broad peak, as shown in Fig. 4. The broad peaks in fluorescence spectra
may indicate more complex energy distributions or electron movement patterns within the
molecule, resulting in a wider emission range Therefore, TPC and different metal ions were
studied in terms of their fluorescence spectra as shown in Fig. 5(a). When Zn?" or other
competitive ions were added to the TPC sensor solution, its fluorescence peak at 410 nm
decreased. However, only Zn?" and Pb** appeared to produce a new peak at 510 nm from the
extended conjugation, while the other ions did not. Moreover, Pb?>" only gave a much smaller
peak than Zn?". As shown in Fig. 5(b), the fluorescence intensity ratio (/) at 510 nm was much
higher when adding Zn?' than when adding the other metal ions. This indicates that the
complexation between Zn>" and TPC results in the reduction in electron energy level. The
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Fig. 4. (Color online) Absorption spectra of TPC (2.5 x 107> M) in the presence of Mn?", Fe?*, Co?*, Ni%*, Cu?",
Zn%*, Cd**, Hg?*, and Pb** (in DMF).
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Fig. 5. (Color online) (a) Fluorescence spectra of TPC (2.5 x 107 M) in the presence of Mn?*, Fe?*, Co?*, Ni%*,
Cu?', Zn?", Cd?", Hg?", and Pb2" (in DMF). (b) Fluorescence intensity ratios (I/],) of these ions at 510 nm.

possible reason was that the coordination of Zn?* increased the electron transfer from the donor
to the acceptor in m-conjugation, causing a decrease in the HOMO-LUMO of the n—n"
interaction, which induced a redshift in the fluorescence spectrum and reduced electron
transition energy.®!33 This result indicates the high sensitivity and selectivity of TPC to Zn2"
because the atom binding sites of TPC preferred the Zn?* coordinates better than the other metal
ions. A new peak fluorescence of Zn®" occurred at 510 nm, while the other metal ions did not
appear as shown in Fig. 5. In addition, the TPC binding to Zn?" illustrates the photo-induced
charge transfer mechanism (see Sect. 3.6) occurring from the acceptor group (C=N, COOH)
binding to Zn?* and then redshifted or a new wavelength.

3.4 Ratiometric sensing of Zn2*

A Zn?" titration experiment with TPC was carried out. It was found that increasing the Zn?"
concentration results in a clearly increasing fluorescence intensity as illustrated in Fig.
6(a). Increasing the Zn%* concentration causes a small decrease in fluorescence intensity at 395
nm but a large increase at 510 nm. The plot of fluorescence intensity (/-/y) versus Zn>"
concentration in Fig. 6(b) shows that the intensity was linearly proportional to the concentration
in the range from 1 x 107 to 1 x 1074 M with a correlation coefficient (R?) of 0.9948. The
detection limit for Zn%* ions was calculated to be 77.80 ppb. Therefore, the wavelength for
fluorescence detection at 510 nm was used in other subsequent experiments. Moreover, the time
dependence of complex forming was investigated by determining the fluorescence intensity of
complexes of TPC with Zn?" ions at times between 0 and 30 min. The plots of these intensities
versus time can be found in Fig. 7. The intensity responses to complex forming were immediate
and remained virtually constant throughout the 30 min duration. The fluorescence intensity did
not change from 0 to 30 min when Zn?* was added to the TPC solution. Therefore, it did not
reverse after the TPC binding to Zn?".
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Fig. 6.  (Color online) (a) Fluorescence emission spectra of TPC (2.5 x 107> M) in DMF at various concentrations
of Zn?" ions. (b) Plot of fluorescence intensity versus Zn?" concentration.

400
S
= —
E 350 ,
= 1 za**
E 3001, - - - - - -
£ 250
w
= -
3
E 200
@ 1 2+
Pb
2150
g ° . e T ° °
g
H 100
= 4
- 50 4
0 T . T L T b T 4 T ® Ll . I
0 5 10 15 20 25 30
Time (min)

Fig. 7. (Color online) Fluorescence intensity of TPC complex with Zn?" and Pb?" versus time.

3.5 Selectivity toward Zn2*

To determine the selectivity of Zn?" ions among competitive metal ions (Mn2*, Fe**, Co?",
Ni%*, Cu?*, Zn?", Hg?*, and Cd?"), an interaction study was performed by adding Zn®' to
mixtures of TPC containing those other metal ions (5.0 x 107> M). Figure 8 shows the detection
of TPC in the presence of various ions in combination with Zn?", compared with other free ions.
When Zn?" ions were added to TPC containing each metal ion, the fluorescence intensity at 510
nm remained constant or slightly decreased. The results indicate a high selectivity toward Zn>*
over the other ions. This indicates that the presence of Zn?** significantly enhances the
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Fig. 8. (Color online) Fluorescence responses of TPC in DMF in the presence of various ions (red bar) in
combination with Zn?" (black bar).

fluorescence response of TPC, making it a promising candidate for applications in sensing and
detection. In the next section, we explore the specific interactions between TPC and Zn?*' to
optimize its use in various analytical methods.

3.6 Mechanism of Zn2* ion sensing

A possible mechanism of TPC and Zn?" binding was proposed as shown in Fig. 2. The TPC
probe shows a high fluorescence intensity of Zn®* at 395 nm but is not the response of TPC and
Zn*" complexes, which is sought at 510 nm. A Job plot at such a wavelength indicates that the
stoichiometric binding between TPC and Zn?" is 1:1, as illustrated in Fig. 9. The fluorescence
spectra of Zn-TPC complexes indicate the changes in fluorescence wavelength and intensity
depending on the metal concentration. The TPC fluorescence strengthens when an electron from
a fluorophore molecule is transferred to an ionophore via internal charge transfer, resulting in
fluorescence emission at 395 nm. After forming a complex with metal ions, changes in
fluorescence emission occur with a shifted and new wavelength at 510 nm. This mechanism is
called the photo-induced charge transfer.?¥ The binding site of TPC was proposed to be its
coordinating N and O atoms or O and O atoms with Zn?". It demonstrated that these atoms
forming a complex with Zn?" ions can alternate to electron energy levels.>3) The presence of the
cyano group showed an increase in the probe’s polarity and an ability to form a hydrogen bond,
whereas the presence of the carboxylic groups played a crucial role in the specific recognition of
Zn?"3% These groups promoted molecular association through intermolecular hydrogen
bonding and multimer formation.(”-3%) The experiment also revealed that a ligand—zinc complex
was formed by octahedral coordination with the ligand’s N and O atoms or O and O atoms as
well as two DMF molecules.3039 Therefore, the researchers reasoned that while the DMF
molecule was bound with the ion via the O atom, the TPC ligand in this study could also be
bound with Zn?" via O and O (carboxylate) atoms to form a chelate ring. Generally, the C atoms
of an aromatic ring act as a proton donor, whereas the O atoms of the carboxylic group and DMF
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Fig. 9.  (Color online) Job plot of TPC and Zn*" ions.

act as a proton acceptor. From the result, it can be proposed that coordination between TPC and
Zn”" can increase the conformation rigidity of the complex and can make it easier for the
electron from ligand to metal charge transfer that the aromatic rings transfer to Zn2" ions via O
and O atoms.“?

3.7 Computational calculation

The ground state geometries of the TPC ligand and Zn-TPC complexes were optimized in the
DMSO solvation by the CAM-B3LYP method. The calculated bond distances and angles are
illustrated in Fig. 10. The optimized geometry of TPC shows that the HOMOs comprised
n-bonding orbitals localized on the aromatic ring and cyanoacrylic moiety. On the other hand,
the LUMOs consist of m*-antibonding orbitals localized on the thiophene and phenyl ring
moieties. The molecular orbitals point out that the transition from the HOMO to the LUMO
clearly indicates a transfer of charge from the thiophene to the cyanoacrylic moiety (C=N,
COOH). The optimized geometries of the Zn-TPC complexes show that the HOMOs and
LUMOs were composed of n-bonding and m*-antibonding orbitals, respectively. The HOMO
orbitals of Zn-TPC complexes were largely localized on one coordinating ligand, whereas the
LUMO orbitals were mostly localized on the other coordinating ligand. However, the
complexation of Zn?" ions with the TPC causes a decrease in the energy of HOMO and LUMO
orbitals compared with free ligands. The AE of the HOMO to LUMO levels of the TPC ligand
(3.57 eV) is higher than that of the Zn-TPC complexes (3.64 eV). It is clear that coordination to a
d10 metal center can reduce the energy gap of SO—SI1 levels according to the law for
radiationless deactivation.

To better understand the electronic transitions, TD-DFT calculations were performed. The
vertical excitation energies, calculated at the optimized ground state geometries of the TPC
ligand and Zn-TPC complexes, are in good agreement with their experimental spectra. For the
TPC ligand, the lower energy SO — S1 transitions were calculated to be 330 nm in DMF (Table
1). These transitions are mainly due to m—n* transitions within the ligand. Upon the
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Fig. 10. (Color online) Plots of the relevant molecular orbitals from the HOMO and LUMO orbitals of TPC ligand
and Zn-TPC complexes optimized from ground state geometries in the DMF solvation.

Table 1
Calculated TD-DFT excitation energies for the lowest transition, oscillator strengths (f), compositions, and their
contributions.

Excitation transitions

States A (nm) Egap (V) f Composition Expt. (nm)
TPC ligand

S0 — S1 330 375 1.0125 ~ HOMO—LUMO (96%) 325

SO0 — S2 270 4.59 0.0079 HOMO—L+ (65%) -

S0 — S3 255 4.86 0.0001 HOMO—-L+2 (77%) -
H-2—LUMO (30%)

S0 — S4 247 5.03 0.0783 H-1>LUMO (30%) -

Zn-TPC complex

S0 — S1 340 3.65 1.2339  HOMO—LUMO (95%)

S0 — S2 270 4.59 0.0131 HOMO—L+2 (81%)

S0 — S3 249 4.98 0.0154 H-2—-LUMO (35%)

S0 — S4 247 5.02 0.0008 H-2—LUMO (35%)

complexation of Zn-TPC complexes, TD-DFT calculations in DMF reveal the weak energy band
in the absorption spectrum of Zn-TPC complexes to be the SO — Sl transition (calculated at 340
nm), which could be assigned as ligand-centered n—n* transitions. The other calculated higher
energy absorption bands at 340 nm with high oscillator strengths were derived from transitions
from HOMOs to LUMOs. As previously shown in Fig. 8, the HOMO orbitals were mostly
localized on one coordinating ligand, whereas the LUMO orbitals were localized on the other
coordinating ligand. By this, the SO — SI transitions can be attributed to the intra-ligand n—mn*
transitions of the aromatic ring and cyanoacrylic moieties present in the complex.
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4. Conclusions

A new fluorescence sensor molecule, TPC, was synthesized and characterized by 'H-NMR,
FT-IR, and GC-MS. It exhibits high selectivity and sensitivity toward Zn** ions in a DMF
environment over other competitive metal ions. Its detection limit for Zn** ions is 7.78 x 107 M.
The sensing mechanism was most likely based on a photo-induced charge transfer effect of
complexation between the TPC and Zn** ions. The 1:1 stoichiometry of the complex formation
between Zn** and TPC was determined by using a Job plot. The DFT and TD-DFT calculations
by the cam-B3LY P/6-31G (d,p) method were also carried out to find the optimization structure of
TPC. The calculated absorption and emission spectra of the TPC ligand in DMF solvation are
347 and 422 nm, respectively. Both spectra show the main configuration assignments, with
HOMOs to LUMOs, indicating the electronic distribution transferring from the thiophene
moiety (donor group) to the cyanoacrylic moiety (acceptor group).
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