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Abstract

By using UV-Visible and fluorescence measurements, a new chemosensor N-(pyrimidin-2-yl)
thiophene-2-carboxamide (PTC) was introduced for the discriminating and responsive detection of Fe3* in
aqueous methanolic medium. Since the PTC-Fe®* complexation occurred in 1:1 binding stoichiometry, the
receptor PTC preferentially revealed a charge transfer band between 310 to 475 nm in the UV-Vis
technique, with the absorption peak at 351 nm. Furthermore, the fluorescence technique, which dampened
PTC's fluorescence emission band at 325 nm, showed similar selectivity. The Stern-Volmer graphic shows
that fluorescence quenching occurs in a static manner. The series of examined metal ions (Na*, K*, Li*,
Cs*, Fe?*, Ni%*, Sr?*, Cu?*, Cd?*, Pb?*, Co?*, Hg?*, Ba?*, Mg?*, Mn?*, Ca®*, Zn?*, Cr®*, Ag* and AI®*) failed
to perturb the UV-Vis and fluorescence of PTC. With PTC, the concentration of Fe3* can be detected down
to 2.03 and 1.24 uM by UV-Vis and fluorescence methods, respectively.
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Introduction

The advancement of chromogenic and fluorogenic chemosensors for the recognition of bioactive and
venomous species from metal ions, anions, amino acids, explosives, pesticides etc. have ensnared far-
reaching interest in the area of analytical chemistry, environmental and life sciences for their simplicity,
low cost and high sensitivity [1-5]. In many biological and environmental processes, metal ions play a
decisive role. However, the unnecessary consumption and deposition of metal ions in living body is
detrimental although some essential metal ions in optimal quantity is required to maintain normal health
[6-8]. The Fe®* is an essential metal ion that plays an important role in a variety of biological activities at
the cellular level. Various enzymes make use of Fe3* as a catalyst for RNA and DNA synthesis, electron
transfer and oxygen metabolism [9,10]. In humans, however, iron deficiency (hypoferremia) can lead to
hemochromatosis, anemia, liver damage, diabetes, and cancer. [11,12], while excess of iron (hyperferremia)
can induce a variety of diseases such as Huntington’s, Alzheimer’s, Parkinson’s disease [13,14]. As a result,
there is need of rapid, sensitive and convenient analytical method for the on-site detection of Fe3* in a
variety of ecological as well as biological samples.

The optical based i.e. colorimetric and fluorescent chemosensors can be designed conveniently and
applied for the rapid on-site recognition of target metal ions. The chemosensor possess binding sites that
selectively recognize the target metal ions upon complexation and concomitantly showed a distinct color
or spectral changes in UV-Vis/fluorescence that can be used for the detection and quantification. Over the
past 2 decades, several chemosensors were reported for the detection of Fe3*. Most of the them involves
use of complex starting material and multistep synthesis of chemosensor [15]. However, there is a need of
novel chemosensors that can be applied to sense Fe3" both by UV-Vis and fluorescence method from
aqueous medium. As a part of our ongoing research to develop cost-effective and easy-to-prepare optical
chemosensors [16-19], a new chemosensorN-(pyrimidin-2-yl)thiophene-2-carboxamide (PTC)was
introduced for the detection of Fe**. The donor atoms like O, S and N in PTC makes this easy-to-prepare
receptor an ideal candidate to develop as metal ions sensor. The PTC's ability to sense metal ions was
investigated using UV-Vis and fluorescence techniques.
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Materials and methods

Materials

All of the reagents used in the synthesis of PTC and the perchlorate salts of metal ions were acquired
from Sigma Aldrich Ltd. and are of analytical grade. For all sensing studies, spectroscopic grade solvents
were utilized. PTC stock solution (1.0x10-3 M) was made in MeOH, while metal perchlorates stock solution
(1.0x1072 M) was made in water. After adequate dilution, all of these solutions were employed for sensing
studies. Analytical thin layer chromatography (TLC) was used to monitor the reaction's progress using pre-
coated silica gel 60 F254 (Merck) laid out on alumina plates.

All UV-Vis spectrum analysis was done with a Perkin Elmer U-3900 spectrophotometer and a quartz
cuvette with a path length of 1 cm. Fluorescence spectral analysis was performed using a Fluoromax-4
spectrofluorometer (HORIBA Jobin Yvon Co., France).

Analytical method of synthesis of PTC

In 100 mL round bottom flask, 2-aminopyrimidine (0.95 g, 0.01 moles) was dissolved in 10 mL
dichloromethane. To this solution, pyridine (0.8 mL, 0.01 moles) was added and the resulting reaction
mixture was stirred at 0 °C for 10 min. To this stirred solution, thiophene-2-carbonyl chloride (1.042 mL,
0.01 moles) was added drop wise. The resulting reaction mass was stirred for overnight. Once the reaction
was completed (TLC; hexane/EtOAc; 8:2), 15 mL water was added to the reaction mixture and the product
was extracted with dichloromethane (2x100 mL) and dried over Na,SQa, followed by filtered on funnel and
recrystallized from ethanol get pure product [20].

Characterization of PTC

PTC's FT-IR spectrum was recorded as KBr pellets on a Bruker ALPHA FT-IR spectrometer. On a
Varian (Mercury VX) SWBB Multinuclear probe spectrometer with tetramethyl silane (TMS) as an internal
standard, 1H NMR spectra of PTC in CH3;OH-d4 at 300 MHz and 13C NMR spectra at 75 MHz were
acquired. The chemical shifts are measured in parts per million (ppm).
FT-IR (KBr pellet, cm™): 3334 (Vn-n), 1673 (vc=0), 1592(vc=c Ar), 1433-1285(for pyridine vc=c); *H NMR
(300 MHz, CH30H-d4, 6§ ppm):7.17 (dd, J =4.1 Hz and J = 1.3 Hz, 1H), 7.19 (dd, J =5.5Hzand J = 2.0
Hz, 1H), 7.78 (d, J = 4.5 Hz , 1H), 7.96 (dd, J = 4.1 Hz and J = 1.3 Hz, 1H), 8.65 (dd, J = 8.5 Hz ,2H),
10.71 (s, 1H); C NMR (75 MHz, CH3OH-ds6 ppm):108.9, 119.5, 121.9, 124.3, 130.7, 140.0, 149.6,
150.0, 152.6; Mass (HRMS): 206 (M + 1), 228 (M + Na).

Results and discussion

By reacting equimolar amounts of 2-aminopyrimidine and thiophene-2-carbonyl chloride in one step,
the receptor PTC was produced (Figure 1) [20]. The structure of PTC was established by diverse spectral
data (Figures S1 - S4). Then, the metal ions recognition ability of PTC was explored by both UV-Vis and
fluorescence methods.
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Figure 1 (a) Synthesis of the receptor PTC and (b) the possible coordination mode between PTC and Fe3*.
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The naked-eye detectable color change experiment was executed to scrutinize the cation detection
ability of PTC. In this method, the solution of PTC (2 mL, 5x10° M) in MeOH was treated with 300 pL
(1x102 M, in H,0) of a variety of metal ions (Na*, K*, Li*, Cs*, Fe?*, Fe®*, Ni?*, Sr¥*, Cu?*, Cd?*, Pb?*,
Co?*, Hg?*, Ba**, Mg®*, Mn?*, Ca%, Zn%, Cr®, Ag* and AI®). As shown in Figure 2(a), the colorless
solution of PTC instantaneously turned to yellow-brown color selectively in existence of Fe3*. The color
change supported the ability of PTC to sense Fe3* selectively over the other examined metal ions. Further,
the UV-Vis spectrum of PTC (2 mL, 5x10° M) in MeOH were traced in the existence of diverse metal
cations (40 pL, 1x1072 M, in H20) (Figure 2(b)). The receptor PTC shows a strong absorption band at 272
nm due to T—>w* transition. With the addition of Fe®*, the band at 272 nm was blue-shifted by ~10 nm and
a new band appeared at 351 nm with a long-tail up to ~475 nm because of the charge-transfer occurred
among the Fe®* and the receptor PTC upon formation of a novel complex species Fe**-PTC in solution.
Other metal cations botched to perturb the UV-Vis profile of PTC, except addition of Ni2* shift the
absorption band of PTC from 272 to 288 nm.
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Figure 2 (a) PTC color change visible to the naked eye (2 mL, 5x10° M, in MeOH) in the existence of
diverse metal cations (300 pL, 1x102 M, in H,0); (b) UV-Vis spectral changes of PTC (2 mL, 5x107° M,
in MeOH) on adding up of 5 equivalents of diverse metal cations (40 uL, 1x1072 M, in water).

The UV-Vis spectral response of PTC in the existence of Fe3* prompted us to examine the competitive
experiment, where the absorption spectra of the solution containing PTC (2 mL, 5x107° M in MeOH) were
recorded by adding 40 pL of Fe3* ions (1.0x102 M, in H,0) and equimolar amount of other competitive
metal ions (40 pL, 1x102 M, in H;0). The bar illustration of the spectral transformation examined
throughout the interference experiment designates that the Fe3* selectivity of PTC was not obstructed by
the subsistence of the interfering metal ions including Ni%* (Figure 3). These findings backed up PTC's
remarkable selectivity for Fe®* over the other metal ions studied.
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Figure 3 Competitive responses of PTC (2 mL, 5x107° M, in MeOH) in the existence of Fe* (40 L, 1x10~
2 M, in H20) and at equimolar quantities of other interfering metal cations.
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The UV-Vis absorption titration of PTC with the selective Fe** ion was performed to examine the
sensitivity. The receptor band at 272 nm was increased and red-shifted after adding incremental amounts of
Fe3* to the PTC solution, while a new charge transfer band at 351 nm appeared at the same time (Figure 4).
From the titration results, the binding constant of 4x10* M~ was determined for the new complex species
Fe3*-PTC in solution by applying the Benesi-Hildebrand equation (Figure S5). In addition, the LOQ (limit
of quantification) and LOD (limit of detection) respectively of 6.16 and 2.03 uM for Fe3* were determined
by employing the IUPAC permitted equation, LOD = 3o/slope of the calibration curve (Figure S6), where
the ‘o’ denotes the blank sample's standard deviation.

The Job’s method was employed to analyze the binding stoichiometry between PTC and Fe3* [21].
The Job's graphic validated the 1:1 stoichiometry of complexation between PTC and Fe®* (Figure S7).
Additionally, direct authentication for the complex formation in 1:1 stoichiometry was supported from the
mass spectrum of PTC recorded in existence of 1 equivalent Fe3*. The mass peak of pure PTC was observed
at m/z = 228.0 (Figure S2) (PTC + Na), whereas with the addition of 1 equivalent of Fe®* to PTC, a new
mass peak obtained at m/z = 548.9 assigned for the complex (PTC) + [Fe(ClO4).]* + 5H,0 (Figure S8).
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Figure 4 PTC (2 mL, 5x10°° M in MeOH) absorption spectrum changes as Fe3* ions (0 - 400 pL, 1x103
M, in water) were added incrementally.

The fluorescence method was also applied to scrutinize the capability of PTC to sense metal ions.
Addition of 40 pL of Fe®*ions (1x1072 M, in H20) to the PTC solution (2 mL, 5x10-° M, in MeOH) fallout
in a selective fluorescence quenching (Figure 5). Conversely, with the addition of metal ions like Na*, K,
Li*, Cs*, Fe?*, Ni?*, Sr¥*, Cu?*, Cd?*, Pb%*, Co?*, Hg®*, Ba?*, Mg®*, Mn?*, Ca2*, Zn?*, Cr¥*, Ag* and AI**,
the fluorescence intensity of PTC at 325 nm showed very negligible changes. Fluorescence investigations
were next used to investigate PTC's Fe®* sensing abilities in the presence of potentially probing metal
cations in a competitive media. (Figure 6). The addition of 2 equivalents. of Fe** to PTC solution in MeOH,
together with 2 equivalents. of other interfering metal ions, had no effect on Fe3*’s fluorescence quenching
capabilities. As a result of the selectivity investigations, the receptor PTC can be designed as a Fe®*
fluorescence turn-off sensor.
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Figure 5 Fluorescence spectral (Aex = 275 nm) changes of PTC (5x10°° M, in MeOH) when 5 equivalents
of a variety of metal ions are added (1x1072 M, in water).
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Figure 6 Competitive responses of PTC in the company of Fe3* and other interfering metal ions.

The titration of PTC (2 mL, 5x10-° M, in MeOH) using fluorescence with Fe** was carried out by the
use of the subsequent addition of incremental concentrations of Fe3* (1x10- M, 0 - 400 pL, in water). The
intensity of fluorescence for PTC was gradually decreased at 325 nm (Figure 7). The paramagnetic
behavior of Fe®* is responsible for quenching of fluorescence [22-24]. Using the fluorescence titration, the
corresponding quantification and detection limits of 3.75 and 1.24 uM were estimated for Fe®* (Figure S9).
Also, the association constant of PTC with Fe®* was evaluated by using the Benesi-Hildebrand equation
from the data obtained by performing fluorescence titration (Figure S10). The Fe®* binding affinity of PTC
was revealed to be 2.25x10° M. Job's Method was used to evaluate the binding stoichiometry of PTC with

Fe** using the fluorescence method. The Job's plot confirms the establishment of a 1:1 binding
stoichiometry complex between PTC and Fe®* (Figure S11).
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Figure 7 Fluorescence spectral changes of sensor PTC (2 mL, 5x 107 M, in MeOH) upon addition of 0 -
10 equivalents of Fe3* (0 - 400 pL, 1x103 M, in H20) at Aex = 275 nm.

The Stern-Volmer Eq. (1) can mathematically express the quenching process, which permits us to
decide the quenching type. The quenching type is static if the linearity is observed in Stern-Volmer plot.

FO/F =1+ quO [Q] =1+ Ks\/[Q] (1)

Where Fo is the fluorescence intensity in the absence of the quencher and F is the fluorescence
intensity in the presence of the quencher, kq is the bimolecular quenching constant, o stands for the lifetime
of the fluorescence in the absence of the quencher, [Q] is the quencher concentration, and Ksv is the Stern-
Volmer quenching constant. In the existence of a quencher, the fluorescence intensity is quenched from Fq
to F. As a result, the quencher concentration [Q] is proportional to the ratio (Fo/F) in a direct relationship.
According to Eq. (1), the Stern-Volmer plot of Fo/F versus [Q] illustrate a linear graph with a slope of Ksy
(Figure 8). The linearity of Stern-Volmer plot designates the static quenching for the PTC. Fe®*

coordination [25]. These results also confirm the development of a new complex among the receptor PTC
and the Fe®" ions resulted the fluorescence quenching.
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Figure 8 Stern-Volmer plot for Fe** with receptor PTC.
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Conclusions

To conclude, a new pyrimidine-based chemosensor, PTC, was developed for the selective detection
of Fe3+ in aqueous medium using colorimetric, UV-Visible, and fluorescence techniques. The PTC
receptor formed a 1:1 stoichiometric complex with Fe®*, resulting in the formation of a new charge transfer
band at 351 nm and fluorescence quenching at 325 nm. Among the other metal ions tested, the receptor has
a high preference for Fe®*. With PTC, the concentration of Fe®* can be detected down to 2.03 and 1.24 uM
by means of the UV-Vis and fluorescence method, respectively. Based on the results, we believe the newer
pyrimidine based chemosensors will be designed because of the low cost, simplicity of preparation and
high selectivity towards metal ions.
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