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Selective metal ion recognition via positional
isomers: fluorescent chalcone-1,2,3-triazole
hybrids for Co(i) and Cu(i) detectiont
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This study reports the synthesis of three positional isomers (6a—6c) of chalcone-tethered 1,2,3-triazoles via
the Cu()-catalyzed alkyne—azide cycloaddition (CuAAC) reaction. The synthesized probes were
comprehensively characterized using FTIR, *H and *C NMR, and mass spectrometry. Their potential as
metal ion sensors was evaluated through UV-vis and fluorescence spectroscopy, revealing high
selectivity and sensitivity toward Co(il) and Cu(i) ions. The probes 6a—c exhibited low limits of detection
(LoD): 1.64 uM (Co(n)) and 3.19 uM (Cu(n)) for ortho isomer (6a), 2.08 uM (Cofil)) and 2.30 uM (Cu(n)) for
meta substituted (6b), and 1.81 uM (Co(n)) and 1.17 uM (Cu(i) for para-substituted (6¢) 1,2,3-triazole

R 4 29th March 2025 derivatives. Job's plot analysis confirmed a 1:1 metal-ligand complex formation. To further elucidate

eceive th Marc S . . . . .

Accepted 16th May 2025 binding interactions, Density Functional Theory (DFT) calculations were conducted, employing B3LYP/6-
31G+(d,p) for free probes and B3LYP/LANL2DZ for their metal complexes. The combined experimental

DOI: 10.1035/d5ra02187a and theoretical results establish a robust and selective sensing platform for Cu(i) and Co(i) detection,
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1. Introduction

The pervasive integration of heavy metals in contemporary
industries, coupled with cutting-edge technological advance-
ments, has introduced profound risks that threaten both
humans and the environment.’ Notably, cobalt, although
necessary in small quantities for the production of vitamin B12
and many enzymatic reactions, can also be very poisonous when
present in excessive amounts.* Exposure to cobalt in the work-
place, which is often found in mining, alloy production, and
battery manufacturing sectors, may result in significant health
problems. Prolonged exposure to elevated amounts of cobalt
may lead to respiratory issues, such as asthma and interstitial
lung disease, also known as “hard lung disease.” Cobalt
poisoning may lead to cardiomyopathy, thyroid dysfunction,
and neurological symptoms including hearing loss and vision
abnormalities. Consuming food or water contaminated with
cobalt may result in systemic toxicity.>*
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with promising applications in environmental monitoring and analytical chemistry.

Copper plays a crucial role in several biological processes,
such as serving as a cofactor for enzymes engaged in redox
reactions, facilitating the creation of connective tissue, and
aiding in the manufacture of neurotransmitters.”® Excessive
buildup of copper may result in hazardous consequences
because it can produce reactive oxygen species via Fenton-like
processes, leading to oxidative stress and harm to cells.>*®
Prolonged exposure to elevated quantities of copper may lead to
severe health issues, including Wilson's disease."* Moreover,
the occurrence of acute copper poisoning may result in
gastrointestinal discomfort, destruction of red blood cells, renal
failure, and potentially fatal consequences.” Copper pollution
resulting from industrial operations, mining, and agricultural
runoff may have detrimental effects on aquatic organisms and
lead to water resource contamination in the environmental
context,"” highlighting the need for rigorous monitoring and
control methods to avoid excessive exposure.'***

Due to the substantial health and environmental hazards
linked to copper and cobalt toxicity, it is crucial to create
dependable, sensitive, and specific detection techniques.
Traditionally, atomic fluorescence spectrometry (AFS),'® induc-
tively coupled plasma mass spectroscopy (ICP-MS),"” atomic
absorption spectrometry (AAS), electrochemical method, and X-
ray absorption spectroscopic techniques were utilized to
determine the trace number of heavy metals, are costly, time-
consuming, and complex to handle.” Consequently, alterna-
tive detection strategies like electrochemistry, spectrophotom-
etry, chemosensors, and biosensors are being explored.*
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Fluorescent sensors are known for their high sensitivity, fast
response, and flexibility to detect changes in fluorescence upon
interaction with the analytes.”® Various materials like carbon
quantum dots, metal organic frameworks, nanocomposites,**
inorganic microarchitectures,” dyes, polymers, and other
organic compounds have been developed as fluorescent sensors
for the detection of various pollutants involving cations and
anions.>*?*

Click chemistry is a pivotal method in chemical synthesis
known for its rapid and high-yield production of compounds.
One of its most prominent techniques is the Copper(i)-catalyzed
Azide-Alkyne Cycloaddition (CuAAC), which is a leading
method for synthesizing 1,2,3-triazoles via the cyclization of an
azide and an alkyne.*®?® By designing triazole-based ligands,
sensors can be customized to detect specific metal ions with
high sensitivity and selectivity.”” The coordination abilities of
the 1,2,3-triazole moiety allow it to interact selectively with
metal ions, resulting in noticeable changes in photophysical
properties, and has been utilized to detect metal ions such as
copper, cobalt, lead, mercury, and zinc, efc. in various envi-
ronmental, biomedical, and analytical contexts.”®* The use of
1,2,3-triazoles as selective chemosensors highlights their
importance in creating functional materials for ion detection,
advancing both chemical synthesis and analytical science.

In this study, novel positional isomeric chalcone-based 1,2,3-
triazole derivatives were synthesized via ‘CuAAC’ methodology
and characterized utilizing various spectroscopic techniques
including IR, NMR (*H and C), and mass spectrometry. The
sensing behavior of the probes was elucidated via UV-visible and
fluorescence spectroscopy for the detection of Co(u) and Cu(u)
ions. Furthermore, density functional theory (DFT) calculations,
were applied successfully to probes to obtain detailed structural
and electronic insights of the sensor and its interactions with
metal ions. Despite the variation in the position of the benzoyl
unit, probes 6a-6¢, which correspond to the ortho, meta, and
para isomers, exhibit consistent sensing capabilities toward the
target metal ions. Interestingly, this positional change does not
significantly affect their ability to interact with the analytes. This
consistency can be attributed to their overall molecular frame-
work and the presence of a common binding cavity formed by the
nitrogen atoms of the 1,2,3-triazole ring, which enables effective
coordination with the target metal ions. However, noticeable
variations are observed in key sensing parameters such as the
limit of detection (LOD), limit of quantification (LOQ), and
binding constant values, indicating that while the fundamental
sensing mechanism remains intact, the binding efficiency is
influenced by the specific isomeric arrangement.

2. Experiment

Caution! sodium azide is sensitive to heat & shock and should
be handled with extreme care.

2.1. Materials and method

All the experimental work was performed under standard labo-
ratory conditions using following starting materials: 4-
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chlorobenzaldehyde, 2-aminoacetophenone, 3-amino-
acetophenone, 4-aminoacetophenone supplied from LOBA,
propargyl bromide solution (80% by weight in toluene) (spec-
trochem), N, N-dimethylformide (DMF) (LOBA), potassium
carbonate (LOBA), tetrahydrofuran (LOBA), triethylamine (LOBA),
and  bromotris(triphenylphosphine)copper(r)  [CuBr(PPh;);]
(Aldrich). The synthesized compounds were characterized using
various spectroscopic techniques. Infrared (IR) spectra were
recorded neat on the SHIMADZU FTIR-8400S spectrometer. NMR
spectra, including "H and "*C NMR, were acquired on a Bruker
Advance Neo FT NMR spectrometer using CDCl; as the solvent
and tetramethylsilane (TMS) as the internal standard for chemical
shift referencing. Mass spectra (LCMS) were obtained with
a Waters Micromass Q-Tof Micro mass spectrometer. Melting
points were determined using a Mel Temp II instrument and were
uncorrected. Elemental analyses (CHN) were conducted with
a PerkinElmer Model 2400 CHNS element analyzer. UV-visible
absorption and fluorescence studies were performed using
a quartz cuvette on a SHIMADZU UV-1900 spectrometer and
a PerkinElmer 6500 fluorescence spectrophotometer, respectively.
Computational analysis was carried out using density functional
theory (DFT) with the Gaussian software package.

2.2. Synthesis and characterization of chalcones (3a-3c)

The initial reactants were dissolved in ethanol while being
stirred continuously. Potassium hydroxide was then slowly
added to this mixture (Scheme 1). The mixture was stirred at
room temperature until the reactants were completely con-
verted into the desired products, with the progress tracked
using TLC (ethyl acetate: hexane, 1:9). To quench the reaction,
ice-cold water was added to the mixture, which was then filtered
and the solid product was dried. The final product was purified
using ethanol as the eluent.?

2.2.1. (E)-1-(2-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one (3a). The above-mentioned procedure was followed for
the synthesis process. The quantities used were: 4-chlor-
obenzaldehyde (2 g, 14.22 mmol), 2-aminoacetophenone (1.72
mL, 14.22 mmol), potassium hydroxide (5 mL, 20% w/v). Yield:
90%; colour: yellow; texture: solid powder; M.F. = C;5H;,CINO;
elem. anal. calc. (%): C = 69.91; H = 4.69, N = 5.44; found (%): C
= 69.87, H = 4.71, N = 5.42; Mp.: 92-93 °C, IR (neat, cm):
3461, 3295, 3032, 1639, 1606, 1564, 1533, 1484, 1404, 1328,
1280, 1207, 1154, 1083, 994, 822, 747.

2.2.2. (E)-1-(3-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one (3b). The above-mentioned procedure was followed for
the synthesis process. The quantities used were: 4-chlor-
obenzaldehyde (0.5 g, 3.55 mmol), 2-aminoacetophenone
(0.47 g, 3.55 mmol), and potassium hydroxide (5 mL, 20% w/v).
Yield: 92%; colour: yellow; texture: solid powder; M.F. =
C315H;,CINO; elem. anal. calc. (%): C = 69.91; H = 4.69, N =
5.44; found (%): C = 69.87, H = 4.71, N = 5.42; Mp.: 98-99 °C, IR
(neat, cm™'): 3449, 3359, 3047, 2868, 1658, 1585, 1487, 1441,
1317, 1215, 1160, 1087, 978, 911, 824, 783, 681, 631.

2.2.3. (E)-1-(4-aminophenyl)-3-(4-chlorophenyl)prop-2-en-
1-one (3¢). The above-mentioned procedure was followed for the
synthesis The quantities used

process. were:  4-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the synthesis of ortho, meta,
triazoles.

chlorobenzaldehyde (0.5 g, 3.55 mmol), 2-aminoacetophenone
(0.47 g, 3.55 mmol), and potassium hydroxide (5 mL, 20% w/v).
Yield: 87%; colour: yellow; texture: solid powder; M.F. =
C15H;,CINO; elem. anal. calc. (%): C = 69.91, H = 4.69, N =
5.44; found (%): C = 69.87, H = 4.71, N = 5.42; Mp.: 135-136 °C,
IR (neat, cm™'): 3457, 3340, 3054, 1635, 1598, 1541, 1490, 1446,
1343, 1224, 1172, 1087, 1017, 980, 811, 672, 597.

2.3. Synthesis and characterization of chalcone-based
alkynes (4a-4c)
The chalcone was dissolved in DMF with constant stirring, then
anhydrous potassium carbonate was introduced, followed by
the gradual, dropwise addition of propargyl bromide. The
reaction mixture was stirred at ambient temperature and
monitored via TLC using a mixture of ethyl acetate and hexane.
After quenching the reaction with ice-cold water, the resulting
solid product was filtered and air-dried at room temperature.
2.3.1. (E)-3-(4-chlorophenyl)-1-(2-(di(prop-2-yn-1-yl)amino)
phenyl)prop-2-en-1-one (4a). The above-mentioned procedure

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cl \ 0

(6a-c)

and para-substituted chalcones, their corresponding alkynes and 1,2,3-

was followed for the synthesis process. The quantities used were
as follows: ortho-substituted chalcone (1.0 g, 3.88 mmol),
anhydrous potassium carbonate (2.68 g, 19.4 mmol), propargyl
bromide (1.06 mL, 9.3 mmol), DMF (20 mL). Yield: 93%; colour:
yellow; texture: solid powder; M.F. = C,;H;¢CINO; elem. anal.
calc. (%): C =75.56, H = 4.83, N = 4.20; found (%): C = 75.54, H
= 4.82, N = 4.18; IR (neat, cm ™~ '): 3279, 3069, 2925, 2862, 2113,
1640, 1574, 1497, 1411, 1278, 1202, 1153, 1079, 999, 818, 742,
636; 'H NMR (500 MHz, CDCl;): 6 = 7.91 (d,J = 7.5 Hz, 1H), 7.83
(s, 1H), 7.65-7.54 (m, 3H), 7.46 (d, J = 8.0 Hz, 1H), 7.37 (d, ] =
8.4 Hz, 2H), 6.87 (s, 2H), 4.07 (s, 4H), 2.25 (s, 2H); ">*C NMR (126
MHz, CDCl,): 6 = 191.72, 168.11, 150.84, 141.75, 136.21, 135.36,
134.73, 134.01, 131.85, 131.17, 129.68, 129.43, 123.81, 80.45,
71.64, 38.98.

2.3.2. (E)-3-(4-chlorophenyl)-1-(3-(di(prop-2-yn-1-yl)amino)
phenyl)prop-2-en-1-one (4b). The above-mentioned procedure
was followed for the synthesis process. The quantities used were
as follows: meta-substituted chalcone (1.0 g, 3.88 mmol),
anhydrous potassium carbonate (2.68 g, 19.4 mmol), propargyl
bromide (1.06 mL, 9.3 mmol), DMF (20 mL). Yield: 90%; colour:

RSC Adv, 2025, 15, 17349-17364 | 17351
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yellow; texture: solid powder; M.F. = C,;H;,CINO; elem. anal.
cale. (%): C =75.56, H = 4.83, N = 4.20; found (%): C = 75.57, H
=4.84, N = 4.19; IR (neat, cm™*): 3289, 3065, 2938, 2112, 1671,
1587, 1488, 1439, 1326, 1261, 1090, 983, 912, 823, 782, 642; 'H
NMR (500 MHz, CDCl,): 6 = 7.81 (d,J = 8.3 Hz, 1H), 7.73 (d, ] =
15.7 Hz, 2H), 7.62-7.52 (m, 2H), 7.51-7.35 (m, 3H), 7.18 (d, ] =
8.3 Hz, 2H), 4.18 (s, 4H), 2.28 (s, 2H); "*C NMR (126 MHz,
CDCly): 6 = 190.51, 147.96, 143.20, 138.91, 136.34, 133.42,
130.89, 130.11, 129.55, 129.37, 129.21, 122.79, 115.02, 78.76,
73.03, 40.48.

2.3.3. (E)-3-(4-chlorophenyl)-1-(4-(di(prop-2-yn-1-yl)amino)
phenyl)prop-2-en-1-one (4c). The above-mentioned procedure
was followed for the synthesis process. The quantities used were
as follows: para-substituted chalcone (1.0 g, 3.88 mmol), anhy-
drous potassium carbonate (2.68 g, 19.4 mmol), propargyl
bromide (1.06 mL, 9.3 mmol), DMF (20 mL). Yield: 89%; colour:
yellow; texture: solid powder; M.F. = C,;H;,CINO; elem. anal.
calc. (%): C =75.56, H = 4.83, N = 4.20; found (%): C = 75.55, H
=4.82, N = 4.22; IR (neat, cm™): 3324, 3067, 2929, 2116, 1656,
1594, 1486, 1407, 1332, 1275, 1225, 1176, 1079, 1019, 975, 811,
743, 663; "H NMR (500 MHz, CDCl,): 6 = 7.98 (d, J = 18.5 Hz,
2H), 7.62 (d, J = 87.2 Hz, 3H), 7.32 (d, J = 42.9 Hz, 3H), 6.94 (s,
2H), 4.11 (d, ] = 106.8 Hz, 4H), 2.27 (s, 2H); *C NMR (126 MHz,
CDCLy): 6 = 187.76, 167.79, 151.04, 141.58, 130.95, 129.42,
129.12, 128.80, 128.16, 122.47, 112.35, 79.83, 68.17, 38.72.

2.4. Synthesis of organic azide

A solution of benzyl chloride (5.5 g,47.8 mmol) in 25 mL of DMF
was prepared using a magnetic stirrer, and sodium azide
(15.5 g, 239 mmol) was then added. The reaction mixture was
heated to 85-90 °C and refluxed for 5 hours, with completion
confirmed by TLC analysis using a 1 : 4 mixture of ethyl acetate
and hexane. The product was extracted using ethyl acetate, and
the combined organic layers were dried with anhydrous sodium
sulfate, filtered, and subjected to vacuum evaporation to remove
the remaining solvent.” Yield = 60%; color: light yellow; texture
= oil; M.F.: C;H,N;; IR (neat, cm™): 3032, 2930, 2089, 1452,
1252, 876, 697, 568; "H NMR (500 MHz, CDCl;) 6 = 7.27-7.12
(m, 5H), 4.14 (s, 2H) ppm; *C NMR (126 MHz, CDCl;) 6 =
135.53, 128.91, 128.37, 128.31, 54.82 ppm.

2.5. Synthesis and characterization of 1,2,3-triazoles (6a-6c)

The chalcone-based terminal alkyne was dissolved in a THF/
TEA solvent system, to which the organic azide was subse-
quently added, followed by the Cu(i) catalyst. The reaction
mixture was refluxed at 55-60 °C until the reactants were
completely converted, as verified by TLC (ethyl acetate: hexane,
1:4). The reaction was quenched by adding ice-cold water. If the
resulting product was solid, it was filtered, washed with distilled
water, and allowed to air-dry at room temperature. For liquid
products, solvent extraction was conducted using ethyl acetate.
The combined organic phases were dried over anhydrous
sodium sulfate, and the solvent was evaporated under vacuum
to obtain the pure product.
2.5.1. (E)-1-(2-(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)

amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one  (6a). The
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above-mentioned procedure was followed for the synthesis
process. The quantities used were as follows: ortho-substituted
chalcone-based alkyne (0.70 g, 1.72 mmol), benzyl azide (0.43
mL, 3.46 mmol), Cu(1) catalyst (0.001 mmol), THF/TEA (1:1) (8
mL). Yield: 92%; colour/texture: yellow powder; M.F.:
C35H3,CIN,O; elem. anal. calc. (%): C = 75.56, H = 4.83, N =
4.20; found (%): C = 75.55, H = 4.82, N = 4.22; mp: 127-128 °C;
IR (neat, cm™): 3071, 2953, 2851, 1642, 1573, 1505, 1413, 1301,
1260, 1200, 1162, 1088, 1046, 1013, 972, 810, 749, 712, 635, 573. ;
'H NMR (500 MHz, CDCl,): 6 = 7.88 (d,J = 7.8 Hz, 1H), 7.62 (d, J
= 7.6 Hz, 2H), 7.53 (d,J = 8.3 Hz, 3H), 7.37-7.31 (m, 9H), 7.23 (d,
J = 6.2 Hz, 3H), 6.80 (d, J = 8.1 Hz, 2H), 6.67 (t,/ = 7.5 Hz, 2H),
5.48 (s, 4H), 4.60 (s, 4H).; "*C NMR (126 MHz, CDCl,): § =
191.39, 151.24, 141.34, 135.94, 135.22, 134.62, 133.76, 131.57,
129.38, 129.16, 129.09, 128.71, 127.97, 123.57, 114.99, 112.23,
54.22, 39.05.; LC-MS: m/z (calculated) = 599.22; m/z (found) =
600.12 (M+1).

2.5.2. (E)-1-(3-(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)
amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one  (6b). The
above-mentioned procedure was followed for the synthesis
process. The quantities used were as follows: meta-substituted
chalcone-based alkyne (0.70 g, 1.72 mmol), benzyl azide (0.43
mlL, 3.46 mmol), Cu() catalyst (0.001 mmol), THF/TEA (1:1) (8
mL). Yield: 86%; Colour/texture: brown viscous oil; M.F.:
C35H30CIN,0; IR (neat, cm™?): 3139, 3060, 2963, 1671, 1590,
1487, 1447, 1327, 1260, 1090, 1016, 798, 700, 540; "H NMR (500
MHz, CDCL,): 6 = 7.70 (d, J = 15.7 Hz, 1H), 7.62-7.54 (m, 2H),
7.54-7.47 (m, 1H), 7.47-7.40 (m, 2H), 7.40-7.34 (m, 6H), 7.25-
7.21 (m, 1H), 7.21-7.18 (m, 2H), 7.18-7.12 (m, 6H), 7.10-7.02
(m, 1H), 5.42-5.35 (m, 4H), 4.68 (d, J = 12.6 Hz, 4H); *C NMR
(126 MHz, CDCl,): 6 = 189.48, 147.11, 141.92, 137.86, 133.68,
133.61, 129.88, 128.66, 128.19, 127.97, 127.65, 126.77, 125.79,
121.77, 121.21, 117.21, 116.89, 115.80, 112.23, 111.57, 53.06,
45.68; LC-MS: m/z (calculated) = 599.21; m/z (found) = 600.22
(M+1).

2.5.3. (E)-1-(4-(bis((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)
amino)phenyl)-3-(4-chlorophenyl)prop-2-en-1-one  (6¢). The
above-mentioned procedure was followed for the synthesis
process. The quantities used were as follows: para-substituted
chalcone-based alkyne (0.70 g, 1.72 mmol), benzyl azide (0.43
mlL, 3.46 mmol), Cu() catalyst (0.001 mmol), THF/TEA (1:1) (8
mL); yield: 88%; colour/texture: brown viscous oil; M.F.:
C35H;0CIN,0; IR (neat, cm™'): 3047, 2926, 1654, 1587, 1509,
1323, 1228, 1168, 1018, 814, 736, 684; 'H NMR (500 MHz,
CDCly): 6 = 7.95 (s, 1H), 7.73 (d, J = 13.5 Hz, 3H), 7.63 (s, 1H),
7.45 (d, J = 9.3 Hz, 8H), 7.37 (d, J = 11.7 Hz, 7H), 6.95 (s, 2H),
5.46 (s, 4H), 4.22 (s, 4H); ">C NMR (126 MHz, CDCl,): 6 = 187.78,
161.13, 141.62, 133.83, 130.96, 130.21, 129.65, 129.42, 129.14,
128.86, 127.70, 127.49, 121.89, 113.93, 112.36, 68.18, 38.73; LC-
MS: m/z (calculated) = 599.22; m/z (found) = 600.27 (M+1).

3. Results and discussions
3.1. Synthesis

The synthesis of probes 6a-6¢ involves a three-step process,
starting with the synthesis of chalcone. First, chalcone is
synthesized, followed by its conversion into an alkyne via

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nucleophilic substitution. Potassium carbonate acts as the
catalyst, reacting with the propargyl group and substituting the
dynamic protons of the chalcone with propargyl moieties,
resulting in a terminal alkyne. In the subsequent step, alkyne
and azide are fused, using tetrahydrofuran (THF) as the solvent,
triethylamine (TEA) as the base, and [CuBr(PPh;);] as the cata-
lyst, ultimately forming the desired product.

3.2. Spectroscopic analysis

3.2.1. Infrared (IR) spectroscopy. The IR spectroscopy
results for terminal alkynes (4a-4c), benzyl azide (5), and
chalcone-based 1,2,3-triazole derivatives (6a—6¢) in the range of
4000-500 cm ™' were consistent with the predicted values. The
IR spectrum of terminal alkyne 4a exhibited characteristic
stretching bands for the C=C-H and C=C groups at 3279 cm "
and 2113 cm™ ', respectively. Similarly, terminal alkyne 4b
showed peaks at 3289 cm™ ' and 2112 cm ™', while terminal
alkyne 4c displayed peaks at 3324 cm ' and 2116 cm ™, con-
firming the successful synthesis of the alkyne derivatives. The
IR spectrum of benzyl azide revealed a prominent band at
2089 cm™ ', corresponding to the Nj stretching of the azide
group. For all cases, the disappearance of absorption bands
near 3279-3324 cm™' (C=C-H stretching), 2112-2116 cm ™"
(C=C stretching), and 2089 c¢cm ' (-N=N=N stretching)
confirmed the modification of the C=C-H and Nj; groups,
thereby verifying the successful synthesis of the 1,2,3-triazole
moieties.

3.2.2. NMR spectroscopy and mass spectrometry. The NMR
(*H and "*C) analysis provided additional confirmation of the
successful synthesis of the terminal alkynes (4a-4c) and the
1,2,3-triazole derivatives (6a-6¢c). In the 'H NMR spectra,
a singlet at 6 = 2.25 ppm was observed for the alkynyl proton
(C=C-H) in alkyne 4a, while similar singlets were observed at
0 = 2.28 ppm for 4b and 6 = 2.27 ppm for 4c. Supporting these
observations, the *C NMR spectra further confirmed the pres-
ence of the C=C carbons in the terminal alkynes (4a-c). For 4a,
signals were observed at 6 = 71.64 ppm and ¢ = 80.45 ppm,
corresponding to the sp-hybridized carbons of the alkyne group.

05 03
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o
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Similarly, the ">C NMR spectrum of 4b displayed signals at § =
73.03 ppm and ¢ = 78.76 ppm, while 4c exhibited signals at 6 =
71.93 ppm and 6 = 79.84 ppm, conclusively verifying the
successful formation of the terminal alkyne moieties. For all
three compounds, the absence of the characteristic triplet at
around 6 = 2.25-2.28 ppm, which would indicate alkynyl
protons in the precursors, confirmed the complete trans-
formation into the 1,2,3-triazole structure. The mass spectra of
the 1,2,3-triazole derivatives (6a-6¢) exhibited molecular ion
peaks consistent with the predicted values. For 6a, the expected
molecular mass peak was m/z = 599.22, and the observed
spectrum showed a prominent [M+1]" peak at m/z = 600.12.
Similarly, the mass spectra of 6b and 6¢ revealed strong [M+1]"
peaks at m/z = 600.22 and m/z = 600.27, respectively, confirm-
ing the successful synthesis of the compounds.

3.3. UV-vis analysis to scrutinize the chemosensing behavior
of probe 6a-c

The UV-vis spectral investigations designed to assess the che-
mosensing behavior of probes 6a-6c produced significant
results, confirming their ion recognition potential. Given the
solubility of the probes in the THF:H,O (4:1) mixture, this
solvent system was employed for the UV-vis spectroscopy
experiments. Concentrations of 0.02 mM, 0.05 mM, and
0.02 mM for probes 6a-c respectively were optimized based on
their appropriate absorption bands. Probe 6a exhibited an
absorption peak at 311 nm, probe 6b at 317 nm, and probe 6c at
362 nm. To determine the sensitivity of the probes to various
ions, chlorides of Ba(u), Ca(u), Co(u), Cr(m), Cu(u), Pb(u), Hg(u),
Mn(1u1), Mg(u), Ni(u), Zn(u), Cd(u), Ce(u), Na(1), K(1) were dissolved
in THF : H,O (4: 1) mixture and utilized. Only Co(u) and Cu(u)
demonstrated significant shifts in absorbance peaks upon
titration with the probe solutions, while other metal ions
exhibited no notable change in absorption peaks and intensity.
Fig. S28-S307 depicts the relative chemosensing performances
of probes 6a-6¢ towards various metal ions at equimolar
concentrations, underscoring a significantly higher response to
Co(u) and Cu(u). Despite the variation in the position of the

1004\ =311 nm 1
& 110
0.75- 1.05 4
%00 0.05 010 015
[Cu(in] (mM)
0.50 -

0.25 -

0.00

300 350 400 450 500
Wavelength (nm)

550

Fig.1 Shifts in the absorption maxima of probe 6a observed during titration with (a) Co(i) and (b) Cu(i); the inset exhibits the relative absorbance

change of probe 6a (A,/Ap) and metal ion concentration (mM).
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Fig. 2 Shifts in the absorption maxima of probe 6b observed during titration with (a) Co(i) and (b) Cu(n); the inset exhibits the relative absorbance

change of probe (A,/Ap) and metal ion concentration (mM).

benzoyl unit, probes 6a-6¢ consistently demonstrated sensing
capabilities towards the target metal ion, indicating that their
interaction efficiency with the analyte remains intact. This
consistency is attributed to the overall molecular architecture
and identical binding cavity of the probes (N atoms of the tri-
azole ring), which facilitates effective interaction with the target
species. Nonetheless, there are noticeable differences in the
detection limit and binding constant values among the probes.

3.3.1. Response of probes 6a-6¢ towards Co(u) and Cu(u).
The interactions of probes 6a-c with Co(u) and Cu(u) ions were
systematically investigated using UV-vis spectroscopy. In these
experiments, solutions of each probe were titrated with 1 mM
solutions of Co(u) and Cu(u) ions in separate titrations. For
probe 6a, the addition of Co(u) ions resulted in a significant
hyperchromic shift in the absorption peak observed at 311 nm,
accompanied by a smaller hyperchromic shift at 425 nm. These
changes are attributed to n — w* transitions, indicating
a strong interaction between the probe and Co(u) ions. Simi-
larly, titration with Cu(u) ions led to pronounced hyperchromic

1.00 (a) 175 I3
A=362nm I
= 0.75- Co(ll)
P i
g 0000 0025 0050 0075 0400 0425
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g 0.50 -
o
n
2 \

0.25
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Wavelength (nm)

shifts at 311 nm and minor hyperchromic changes at 425 nm as
depicted in Fig. 1a and b. For probe 6b, on the gradual addition
of a 1 mM Co(u) solution to the probe, the absorption peak at
317 nm exhibited a pronounced hypochromic shift, character-
ized by a decrease in intensity. This shift was accompanied by
the emergence of an isosbestic point at 370 nm. In contrast, the
incremental addition of a 1 mM Cu(u) solution induced
a notable blue shift of approximately 24 nm in the absorption
maximum, shifting it from 317 nm to 293 nm. This shift was
further accompanied by a significant hyperchromic effect at
293 nm, highlighting an increase in absorbance intensity
(Fig. 2a and b).

The stepwise addition of Co(u) ions to the solution of probe
6c resulted in a pronounced hyperchromic shift in the absorp-
tion peak at 362 nm, indicative of n — w* transitions. This
spectral change was accompanied by the emergence of an iso-
sbestic point at 284 nm. In the case of Cu(u), the incremental
addition of a 1 mM Cu(u) solution induced a notable hyper-
chromic shift at 279 nm accompanied by the formation of an

25 (b) 2.
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Fig. 3 Shifts in the absorbance peak of probe 6¢ observed during titration with (a) Co(i) and (b) Cu(i); the inset exhibits the relative absorbance

change of probe (A,/Ap) and metal ion concentration (mM).
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Fig.4 Variations in the fluorescence emission of probe 6a upon the incremental addition of (a) Co(il) and (b) Cu(i); the inset illustrates the relative

change in emission of probe versus metal ion concentration (uM).

isosbestic point 354 nm (Fig. 3a and b). Furthermore, the inset
plots in figures, illustrate the relative changes in maximum
absorbance (4,/4,) for probes 6a-c, where A, represents the
absorption maxima recorded after successive additions of the
metal ions, and 4, corresponds to the initial absorption maxima
of each probe.

Additionally, the association constant (K,) for the host-guest
complexation (1:1) was calculated using the Benesi-Hilde-
brand eqn (1). The corresponding Benesi-Hildebrand plots for
the complexation of probes 6a-c with Co(u) as well as Cu(u) are
presented in Fig. S31-S36.1 The K, values for probe 6a for Co(ir)
and Cu(n) ions were 8.80 x 10° M™%, 5.99 x 10> M, while
those for probes 6b and 6c¢ for the aforementioned metal ions
were 7.66 x 10° M™%, 4.74 x 10° M™%, and 6.61 x 10° M™%, 1.00
x 10* M, respectively. Moreover, the binding ratio of 1: 1 (M :
L) was established for all three probes based on the Job's plots
analysis (graphs are given in ESI, Fig. S49-S547).
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where A, = initial absorption intensity, A = absorption intensity
with a specific concentration of metal ions, A’ = final absorption
intensity, [M"'] = concentration of metal ions, and, K, = asso-
ciation constant.

3.3.2 Time-dependent analysis of probes 6a-6c. The time-
dependent behavior of the metal-bound probes 6a-6c was
evaluated to gain insights into their stability and sensitivity
toward metal ions. Absorption spectroscopy was employed to
monitor the effect of time on these metal-bound probes. As
depicted in the corresponding Fig. S37-S42, the absorbance of
Co(u)- and Cu(u)-complexed solutions of probes 6a-c remained
consistent, showing no significant variation even after extended
periods of standing. These findings confirm that the probes
exhibit excellent stability and maintain a strong, robust affinity
for the respective metal ions over time.

3.3.3 Temperature-dependent analysis of probes 6a-6c.
The influence of temperature on the binding efficiency of
probes 6a-6c was investigated by recording the absorption
spectra of their metal-bound complexes at 2 °C intervals over
a temperature range of 20 °C to 50 °C. As illustrated in the
accompanying Fig. S43-S48% no significant changes were
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Fig.5 Variations in the fluorescence emission of probe 6b upon the incremental addition of (a) Co() and (b) Cu(i); the inset illustrates the relative

change in emission of probe versus metal ion concentration (uM).
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Fig. 6 Changes in the emission of probe 6¢ with the gradual addition of (a) Co(i) and (b) Cu(i). The inset shows the relative emission change of

the probe as a function of metal ion concentration (uM).

observed in the binding behavior of the probes across the tested
temperatures. These results highlight the thermal stability and
robustness of the interactions between the probes and the
metal ions, demonstrating their consistent performance under
varying thermal conditions.

3.3.4 Competitive metal ion titration for probe 6a-6c. The
selectivity of probes 6a-6¢ was further assessed in the presence
of all metal ions simultaneously, prepared in an equimolar
ratio. A single solution containing an equimolar mixture of
various metal ions was titrated with each probe, and the
resulting UV-vis spectra were analyzed (Fig. S55-S577). It was
observed that the spectra obtained during these titrations
closely matched those recorded when Co(u) was used alone with
the probes. This finding indicates that each probe selectively
recognized Co(u) even in the presence of other competing metal
ions. These results conclusively demonstrate that all three
probes exhibit high selectivity for Co(u), with no interference
from other metal ions, thereby confirming their robust che-
mosensing properties.

3.3.5 Chemosensing behavior of probe 6a-c via fluores-
cence spectroscopy. The interactions of probes 6a-c with Co(n)

0.08
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and Cu(u) ions were also examined through fluorescence spec-
troscopy, where solutions of each probe were titrated with 10
uM solutions of the metal ions in separate experiments. When
exposed to an excitation wavelength (A.,) of 295 nm, probe 6a
exhibited a prominent emission peak (l.m,) at 445 nm. Inde-
pendent titrations for both Co(u) and Cu(u) ions, as shown in
Fig. 4a and b demonstrated that the fluorescence emission
intensity of probe 6a increased upon the introduction of either
of the metal ions into the solution. The concentration of the
probe was maintained at 5 pM throughout the experiment,
while the metal ion concentration was progressively increased
up to 15 equivalents.

For probe 6b, upon excitation at a wavelength of (A.,) 320 nm,
a distinct fluorescence emission peak was observed at (Aem)
442 nm. The fluorescence intensity of probe 6b significantly
increased upon the addition of Co(n) and Cu(u) ions, as depicted
in the corresponding Fig. 5a and b. During the experiments, the
concentration of the probe was maintained consistently at 5
uM, while the concentration of the metal ions was systemati-
cally increased in incremental steps, reaching up to 15 equiva-
lents relative to the probe. In the case of probe 6¢, when exposed
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Fig. 7 Correlation plot of probe 6a illustrating (/ — /,)//, vs. (a) [Co(i)] and (b) [Cu(i)].
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Table1 LoD, LoQ, association constant, and stoichiometry of probes 6a—6c on interaction with the respective metal ion

Probe Metal ion LoD (uM) LoQ (uM) Association constant (K,) (M ") Stoichiometry
Probe 6a Co(n) 1.64 5.46 8.80 x 10° 11
Cu(n) 3.19 10.64 5.99 x 10°
Probe 6b Co(n) 2.08 6.94 7.66 x 10°
Cu(u) 2.30 7.68 4.74 x 10°
Probe 6¢ Co(u) 1.81 6.04 6.61 x 10°
Cu(n) 1.17 3.92 1.00 x 10*
0.74@ ¥ = 0.1879x - 0.156 0.8 (b)
Rz =0.9525 * .} 07 i y =0.1826x - 0.1505 ‘{\‘
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Fig. 8 Correlation plot of probe 6b illustrating (I — o)/, vs. (@) [Co(iN] and (b) [Cu(i)].

to an excitation wavelength (A.) of 360 nm, a pronounced
emission peak (Aen,) at 438 nm was observed. The fluorescence
emission intensity of probe 6¢ for both Co(u) and Cu(u) (Fig. 6a
and b) increased with the addition of metal ions to the solution.
The probe concentration was also maintained at 5 uM, while the
metal ion concentration was incrementally increased up to 15
equivalents.

Furthermore, to evaluate the sensitivity of the probes
towards Co(u) and Cu(u) ions, correlation plots (Fig. 7a, b-9a
and b) were used to calculate the limits of detection (LoD) and

y = 0.0674x + 0.0476

o o ¢ o
R? = 0.9427

0.24 4

0.20 4

0.16 1

0.12 4

(Ho)llo

0.08{ 4

0.04 -

0.00 T T
0.5 1.0

T T

1.5 2.0 25 3.0

[Co(I1)] (uM)

3.5

quantification (LoQ). The LoD values for probes 6a-6¢ for
detecting Co(u) were determined to be 1.64 puM, 2.08 uM, and
1.81 uM, respectively, while for detecting Cu(u) ions, the LoD
values were 3.19 pM, 2.30 pM, 1.17 pM respectively. The LoQ
values for the probes 6a-6¢ for the recognition of Co(u) ions
were found to be 5.46 uM, 6.94 uM, and 6.04 pM respectively,
whereas for Cu(u) ions, the values were 10.64 uM, 7.68 pM, and
3.92 uM respectively are highlighted in the Table 1.

The complexation behavior of probe 6a with Co(u) and Cu(u)
ions was investigated using mass spectrometric analysis (LC-
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Fig. 9 Correlation plot of probe 6c illustrating (I — I,)/l vs. (a) [Co(n)] and (b) [Cu()].
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Table 2 Comparison of 1,2,3-triazole based sensors with the previously reported sensors for the detection of Co(i) and Cu(i)
Entry Structure Metal ion LoD (uM) Reference
1 Cu(n) 9.42 31
2 Cu(m) 2.00 32
3 Cu(m) 3.21 33
4 Co(n) 10.0 5
5 Co(n) 0.012 34
Co(n) 1.64
Cu(u) 3.19
6 This work
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Table 2 (Contd.)
Entry Structure Metal ion LoD (uM) Reference
Co(n) 2.08
Cu(u) 2.30
N=N
N =
@)
7 ™ N This work
Cl 7N
/
N—N
Co(n) 1.81
Cu(u) 1.17
O N—N\
\
N
\
8 Cl N This work
N\\
| N
N
MS), which confirmed the formation of metal-ligand 4. Computational analysis

complexes. Notably, probes 6b and 6¢, being positional isomers
of 6a, exhibited similar binding stoichiometry and cavity size,
indicating analogous coordination behavior. The mass spec-
trum of the 6a-Cu(u) and 6a-Co(u) complexes displayed prom-
inent peaks at m/z 734.27 and 731.27, which correspond to the
[Cu(u)-probe 6a-(H,0),] and [Co(u)-probe 6a-(H,0),] species,
respectively, as shown in Fig. S58 and S60 (ESIt). Additionally,
IR spectral analysis of the metal-ligand complexes revealed the
presence of broad peaks at 3355 cm ™" and 3351 cm ™, as shown
in Fig. S59 and S61t1 which are attributed to O-H stretching
vibrations, suggesting the involvement of coordinated water
molecules in the complex.

These findings substantiate the formation of stable coordi-
nation complexes with both Cu®** and Co>" ions. Furthermore,
density functional theory (DFT) calculations supported the
experimental observations by revealing favourable coordination
between the metal centers and the nitrogen atoms of the two
1,2,3-triazole moieties within the probe framework, as dis-
cussed in detail in the subsequent section (Table 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry

4.1.
(DFT)

Structure optimization via density functional theory

To gain insights into the orbital distribution and energy mini-
mized structures and binding approach of probes 6(a—c),
comprehensive density functional theory (DFT) calculations
using the Gaussian software package.** The energy minimized
structures of the probe 6a-c were determined by employing the
B3LYP/631 G+(d,p) level of theory (Fig. 10) (cartesian coordinates
are provided in the ESIt). However, to investigate the complexa-
tion of probes 6a—c with the Cu(u) and Co(u), the B3ALYP/LANL2DZ
level of theory was applied. The optimized structures of probes
6a-c and their complexes are presented in Fig. 11, revealing that
one of the nitrogen atoms in each of the 1,2,3-triazole moieties
participates in binding the metal ion to the probes.

4.2. Frontier molecular orbitals scrutiny

The chemical behavior of the compounds is primarily influ-
enced by the interaction and overlap between the highest

RSC Adv, 2025, 15, 17349-17364 | 17359
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Fig. 10 Energy-minimized structure of probes 6a—6c through DFT using B3LYP/631 G+(d,p) basis set of theory, respectively (H-atoms have

been removed for clarity).

occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), are the key concepts in frontier
molecular orbital (FMO) theory used to explain the molecular
structures and reactions. The HOMO-LUMO analysis reveals

distinct delocalization patterns for probes 6a-6c¢ and their metal
complexes are shown in Fig. 12. DFT calculations revealed that
the HOMO-LUMO gap of the free probes 6a, 6b, and 6c were
3.23 eV, 3.11 eV, and 3.40 eV, respectively. Upon coordination

Probe 6a + Cu(ll) Probe 6b + Cu(ll) Probe 6¢ + Cu(ll)

3

‘,}3.; "

Probe 6a + Co(ll) Probe 6b + Co(ll) Probe 6c + Co(ll)

Fig. 11 Energy-minimized structure of probes 6a—6c with their Co(i) and Cu(i) complexes through DFT using B3LYP/LANL2DZ basis set of

theory.
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Fig. 12 Density plot depicting the HOMO-LUMO interaction between probes and their respective metal ions.

with Co®* ions, the energy gaps increased slightly to 0.53 eV (6a-  (6a-Cu(u)), 3.31 eV (6b-Cu(n)), and 3.79 eV (6c-Cu(u)). For probe
Co(1)), 0.60 eV (6b-Co(1)), and 0.66 eV (6¢c-Co(u1)), whereas with  6a, the HOMO is predominantly delocalized over the 1,2,3-tri-
Cu*" ions, significantly higher values were observed: 3.24 eV  azole moieties, whereas the LUMO is confined to the aromatic
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Fig. 13 Plausible mechanism of interaction between probes 6a—c and their corresponding metal ions.

rings of the chalcone core. Upon coordination with Co(u) and
Cu(n) ions, the HOMO shifts to being localized on the aromatic
rings of the chalcone backbone, while the LUMO transitions to
delocalization over the 1,2,3-triazole moieties. Similarly, the
density plots for probe 6b and its metal complexes, demonstrate
that the HOMO is largely delocalized across the 1,2,3-triazole
moieties and the chalcone backbone, excluding the terminal
aromatic ring, while the LUMO remains localized on the
aromatic rings of the parent chalcone structure. For probe 6c,
the HOMO is primarily delocalized over the 1,2,3-triazole
moieties and one aromatic ring of the chalcone scaffold, while
the LUMO persists in delocalization over the aromatic rings of
the chalcone core. These observations highlight the electronic
variations induced by metal coordination and structural
differences among the probes.

5. Plausible binding mode

Based on Hard-Soft Acid-Base (HSAB) theory,* the synthesized
probes efficiently capture electron-deficient metal ions through
interactions with the lone pair-bearing nitrogen atoms in the
1,2,3-triazole moieties. Both metal ions are known to prefer
nitrogen-donor ligands and form stable complexes with N-rich
heterocycles. The 1,2,3 triazole ring, containing electron-dense
nitrogen atoms at the 2 and 3 positions, serves as an effective
coordination site, particularly suited for the borderline Lewis
acidic nature of Cu(u) and Co(u). Furthermore, host-guest
interactions play a crucial role in sensor design, where
a receptor is covalently or coordinately linked to a fluorophore,
creating a suitably sized cavity for the incoming metal ion. Upon
complexation with the target metal ion, these interactions
trigger noticeable changes in the emission intensity. Addition-
ally, DFT calculations reveal that these metal ions form more
stable complexes, as indicated by shorter M-N bond lengths
and more negative binding energies, revealing that Cu(u) and
Co(u) ions preferentially coordinate with the nitrogen atoms of
the 1,2,3-triazole groups. The 1,2,3-triazole unit, a key structural
feature of probes 6a-6c¢c, serves as an effective receptor for
incoming metal ions due to its nitrogen-rich environment. The
Job's plot analysis confirms the formation of 1:1 metal-ligand

complexes, indicating a strong and selective binding

17362 | RSC Adv, 2025, 15, 17349-17364

interaction. The proposed binding mechanism for these inter-
actions is illustrated in Fig. 13.

6. Conclusion

In this study, chalcone-stitched bis-1,2,3-triazole chemosensors
(6a-6¢) were successfully synthesized via the CuAAC reaction
and explored as selective and sensitive probes for the detection
of Cu(n) and Co(u) ions. Their photophysical properties, inves-
tigated through UV-vis absorption and fluorescence spectros-
copy, demonstrated high selectivity and strong binding affinity
toward these toxic metal ions. The probes exhibited time- and
temperature-invariant behavior, indicating stable metal-ligand
interactions. The Benesi-Hildebrand (B-H) plot analysis
confirmed a superior binding affinity for Co(u), a result further
corroborated by competitive metal ion titration studies, which
established the probes’ ability to detect Co(u) ions even in the
presence of competing metal ions. Furthermore, DFT calcula-
tions provided valuable insights into the molecular configura-
tion and electronic properties of 6a-c, reinforcing the
experimental findings. The strong and stable interactions
between the probes and metal ions highlight their potential as
efficient and reliable chemosensors. Given their high selectivity,
sensitivity, and robust performance, these probes hold signifi-
cant promise for practical applications in environmental
monitoring, water quality assessment, and analytical chemistry.
Future studies could focus on broadening the scope of metal
ion detection, exploring potential real-world applications, and
enhancing probe design for improved sensing capabilities.
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