Malaysian Journal of Chemistry, 2026, Vol. 28(4), 100-120

Spectroscopic Screening and Binding Studies of Tripodal Amide-
Thiourea Ligands as Oxoanion Receptors

Norashikin Roslan!, Nurziana Ngah'**, Nurul Huda Abd Karim?, Shafida Abd Hamid'? and
Wan Khartini Wan Abdul Khodir!?
"Department of Chemistry, Kulliyyah of Science, International Islamic University Malaysia,

Centre for Natural & Health Sciences, Jalan Sultan Ahmad Shah, 25200 Kuantan, Pahang, Malaysia
2Synthetic and Functional Material Research Group (SYNTOF), Department of Chemistry, Kulliyyah of
Science, International Islamic University Malaysia, Centre for Natural & Health Sciences, Jalan Sultan Ahmad
Shah, 25200 Kuantan, Pahang, Malaysia
3Department of Chemical Sciences, Faculty of Science and Technology, Universiti Kebangsaan Malaysia,

43600 Bangi, Selangor
*Corresponding author (e-mail: nurziana@iium.edu.my)

The rising levels of toxic oxoanions such as chromate, permanganate, phosphate, and arsenate
in aquatic environments pose significant environmental and health concerns, necessitating the
development of efficient detection systems. In this study, three tripodal amide—thiourea receptors
(AT1- AT3) were synthesized and evaluated as supramolecular hosts for tetrahedral oxoanions.
Structural characterization using UV-Vis, FTIR, and NMR spectroscopy confirmed successful
formation of the receptors with multiple hydrogen-bonding donor sites. UV—Vis titration studies
revealed distinct bathochromic and hypochromic spectral responses upon anion binding,
indicating receptor—anion interactions via N—H-O hydrogen bonding. Job plot analysis
suggested a predominant 1:1 binding stoichiometry, while binding constants (K.) derived from
BindFit ranged from 8.55 x 10% to 1.88 x 10* M. AT3 exhibited the highest affinity toward
CrO4%, attributed to enhanced electronic polarization and favourable structural preorganization
induced by the —CN substituent. In contrast, the strongly electron-withdrawing —NO- group in
AT?2 significantly decreased electron density at the thiourea binding sites through its negative
inductive (—I) and negative mesomeric (—M) effects. This disrupts effective charge delocalization
across the receptor framework and reduces the hydrogen bond-donating ability of the —-NH
moieties, ultimately resulting in weaker anion binding. These findings highlight the critical role
of substituent effects in modulating anion recognition and demonstrate that tripodal amide—
thiourea systems are promising candidates for selective optical sensing of environmentally
relevant oxoanions.
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Population growth, as well as agricultural and
industrial activities, are major contributors to the
rise of anionic pollutants in aquatic systems. These
pollutants include chloride (CI7), nitrate (NOs"),
chromate (CrO+*), dichromate (Cr,O+*"), permanganate
(MnOy"), sulphate (SO4>) and phosphate (PO+*) [1].
Although many of these pollutants play essential
roles in natural and biological systems at trace
concentrations, their elevated levels in water streams
can lead to serious environmental and health problems.
For example, excess PO+*~ contributes to eutrophication
[2], NOs™ is associated with methemoglobinemia [3],
CrO+* and Cr,O7* are highly toxic and carcinogenic
[4], CI" may increase water corrosivity and affect
blood pressure regulation [5], while MnO.?*" is a
strong oxidant that can disrupt aquatic ecosystems and
upon long-term exposure can cause oxidative stress,
liver damage, and neurological disorders in humans
[6]. Similarly, arsenate (AsO4*"), a structural analogue

of phosphate, poses severe risks because of its ability
to mimic phosphate in metabolic pathways, leading
to carcinogenic effects, as well as cardiovascular
and neurological disorders [7]. Collectively, the
persistence of these anionic pollutants in aquatic
environments poses significant risks to both ecosystem
stability and human health.

Among these pollutants, tetrahedral oxoanions
such as MnO4~, AsO.43", CrO427, and PO4*" are
particularly challenging to detect and remove.
Their high hydration energy, structural symmetry,
and delocalized charge distribution reduce their
interactions with conventional receptors [8]. In
aqueous environments, these anions are strongly
solvated through hydrogen bonding (HB) with
surrounding water molecules, forming stable hydration
shells that must be disrupted for effective receptor
binding [9].
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To address these challenges, various analytical
and extraction-based techniques have been developed.
Conventional methods such as ion chromatography,
inductively coupled plasma mass spectrometry
(ICP-MS), and electrochemical methods are highly
sensitive but suffer from limitations including high
operational costs, complex instrumentation, and the
need for skilled personnel. Recent advances have
introduced alternative approaches such as switchable
hydrophilicity solvent systems, supramolecular
solvent-assisted microextraction for arsenic detection
[10] [11], and cloud point extraction methods for
MnOy determination [12]. Despite their improved
sensitivity, these methods often require multistep
procedures and extensive sample preparation.

In contrast, optical chemosensors, particularly
those based on UV-Vis spectroscopy, offer a simple,
rapid, and cost-effective approach for anion detection
[13]. These systems allow real-time monitoring of
receptor-anion interactions through measurable spectral
changes, such as bathochromic or hypsochromic
shifts, as well as hyperchromicity, or hypochromicity
[14]. Complementary techniques, including nuclear
magnetic resonance (NMR) and infrared (IR)
spectroscopy, further provide insights into binding
modes and intermolecular interactions.

Supramolecular receptor design has emerged
as a powerful strategy for selective anion recognition,
particularly through the design of receptors with
directional HB and pre-organized binding cavities
which are highly suitable for the encapsulation
of tetrahedral oxoanions [8, 15]. Among these,
thiourea-based receptors are particularly attractive
due to their strong HB donating ability arising from
the -NHC=S functionality [16]. Previous studies
have demonstrated their effectiveness in binding
halides, carboxylates, and phosphate-containing
species, highlighting their versatility [17-19].
Incorporation of amide groups into thiourea
frameworks further enhances receptor performance
by generating preorganized tripodal architectures
with multiple convergent HB donor sites [20].

In recent years, anion recognition using
thiourea-based receptors has been extensively
investigated, with numerous experimental and
review studies reported. For example, Manna,
et al. demonstrated that thiourea-functionalized
molecular clefts exhibited strong 1:1 binding with
various oxoanions through directional HB interactions
[17]. More recently, Gomez-Vega, et al. reported
thiourea-based receptors with enhanced sensing
performance toward basic anions using combined
spectroscopic and computational approaches [19]. In
addition, recent studies have highlighted that urea,
thiourea, and squaramide motifs remain among the
most effective HB donor systems for anion binding
due to their dual N—H donor capability and structural
tunability [21]. Furthermore, emerging work in 2025

Spectroscopic Screening and Binding Studies
of Tripodal Amide-Thiourea Ligands as
Oxoanion Receptors

has demonstrated that thiourea-based supramolecular
receptors continue to attract significant attention for
selective anion sensing, particularly in optical and
fluorescence-based systems [22]. These studies
collectively confirm that thiourea-based systems
represent one of the most actively developed
platforms in supramolecular anion recognition, with
ongoing efforts focused on improving selectivity
toward highly hydrated oxoanions.

Despite these advancements, achieving high
selectivity and binding efficiency for strongly
hydrated oxoanions remains a significant challenge.
In particular, systematic investigations on how
substituent electronic effects influence binding
affinity and selectivity in tripodal thiourea systems are
still limited. A deeper understanding of these structure—
property relationships is essential for advancing the
design of effective supramolecular receptors.

Therefore, this study aims to design and
evaluate a series of tripodal amide—thiourea (AT1-
AT3) receptors with tuneable electronic properties
for selective tetrahedral oxoanion recognition. By
systematically varying substituents on the thiourea
moiety, this work establishes structure—property
relationships governing binding affinity and
selectivity. An initial screening study was conducted
to assess the spectral responses of the receptors
toward a range of anions, followed by detailed
UV-Vis titration experiments on selected oxoanions.
The binding interactions were analysed using
complementary spectroscopic techniques, including
Job plot analysis and binding constant determination.
The results provide valuable insights into the rational
design of supramolecular receptors for environmental
sensing applications.

EXPERIMENTAL
Chemicals and Materials

Tris(2-aminoethyl)amine, ethyl 4-aminobenzoate,
phenyl isothiocyanate, 3-nitrophenyl isothiocyanate,
3-cyanophenyl isothiocyanate, toluene, and acetonitrile
were purchased from Sigma-Aldrich (USA). Sodium
arsenate, potassium dichromate, potassium chromate,
and potassium permanganate were obtained from
Merck (Germany). All chemicals and solvents were
of analytical grade and used as received without
further purification.

Synthesis of AT1-AT3

Tris(2-aminoethyl)amine (1.0 mol) and ethyl 4-
aminobenzoate (3.0 mol) were dissolved in toluene
and refluxed under an inert atmosphere for 36 h. To
the resulting reaction mixture, 3.0 mol of either phenyl
isothiocyanate (AT1), 3-nitrophenyl isothiocyanate
(AT2) or 3-cyanophenyl isothiocyanate (AT3) was
added, and the mixture was stirred for an additional
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24 h under the same conditions. The resulting solution
was allowed to stand, and the product solidified over
three days. The solid was filtered and dried to afford
the products.

ATI1

White solid, (89 %), m.p. 176.0-180.0 °C. ATR-FTIR
(v, em™): 3330 (NH); 2920 (aromatic C-H); 1675
(C=0); 1240 (C-N); 1020 (C=S); 700 (C-H). UV-Vis
(CH3CN): Aabs (- *) 221 nm, Agps (n- %) 294 nm. 'H
NMR (500 MHz, DMSO-d;s) ppm; 6 10.12 (s, 3H, NH-
2, thiourea), 10.05 (s, 3H, NH-1, thiourea), 9.62 (s, 3H,
NH-3, amide), 7.92-5.95 (m, 6H, CH-4, CH-5, CH-8,
CH-9, Ar-H), 4.31 (t, 7.1 Hz, 6H, CH-6, CH,-NC=0),
4.22 (t, 7.1 Hz, 6H, CH-7, CH,-N). 13C (500MHz,
DMSO-ds) ppm: 6 166.4 (C=0, C-10), 153.9 (C=S, C-
3), 131.5-113.1 (Ar-C: C-4, C-5, C-6, C-7, C-8, C-9,
C-12, C-13, C-14, C-15, C-16), 59.9 (CHz-N, C-2),
14.8 (CHz-N, C-l). Anal. Calc. for C4gH48NloO3S3
(909.16 g/mol): C, 63.41 %; H, 5.32 %, N, 15.41 %.
Found: C, 63.11 %, H, 4.97 %, N, 15.08 %.

AT2

Yellow solid, (59 %), m.p. 192.4-195.8 °C. ATR-FTIR
(v, cm™"): 3320 (NH); 2925 (aromatic C-H); 1680
(C=0); 1235 (C-N); 1025 (C=S); 690 (C-H). UV-Vis
(CH3CN): Aaps (- T*) 216 nm, Azps (n- %) 282 nm. 'H
NMR (500 MHz, DMSO-ds) ppm; 6 10.40 (s, 3H, NH-
2, thiourea), 10.02 (s, 3H, NH-1, amide), 8.56 (m, 3H,
NH-3, Ar-H adjacent NO), 7.95 (m, 3H, CH-8, Ar-H
NO»), 7.86 (m, 6H, CH-9, Ar-H), 7.76 (m, 6H, CH-5,
Ar-H), 7.71 (m, 9H, CH-4, CH-11, Ar-H), 7.59 (m, 3H,
CH-10, Ar-H), 4.33 (t, J=7.1 Hz, 6H, CH-6, CH>-
NC=0),4.21 (t,J=7.1 Hz, 6H, CH-7, CH,-N). *C (500
MHz, DMSO-ds) ppm: & 180.1 (C-10), 166.3—-165.8
(C-3), 153.9 (C-13), 148.0 (C-7), 144.1 (C-4), 141.1
(C-12), 131.5-113.1 (Ar-C: C-5, C-6, C-8, C-9, C-14,
C-15, C-16), 61.0-59.9 (C-2), 14.8-14.7 (C-1). Anal.
Calc. for C4sHasN1309S3 (1044.15 g/mol): C, 55.22 %;
H, 4.34 %, N, 17.44 %. Found: C, 55.03 %, H, 4.2 5%,
N, 17.12 %.

AT3

Pale yellow solid, (69 %), m.p. 187.0-190.0 °C. ATR-
FTIR (v, cm™): 3340 (NH); 2930 (aromatic C-H); 1670
(C=0); 1250 (C-N); 1020 (C=S); 710 (C-H). UV-Vis
(CH3CN): Aaps (- T*) 219 nm, Azps (n- %) 287 nm. 'H
NMR (500 MHz, DMSO-ds) ppm; 6 10.37 (s, 3H, NH-
2, thiourea), 10.24 (s, 3H, NH-1, thiourea), 8.04 (s, 3H,
NH-3, amide), 7.79 (m, 3H, CH-11, Ar-H CN), 7.78-
7.75 (m, 9H, CH-4, CH-10), 7.76-7.71 (m, 12H, CH-5,
CH-8 (m, 12H, Ar-H), 7.47 (t, J= 7.5 Hz, 3H, CH-9,
Ar-H), 4.33 (t, J=7.1 Hz, 6H, CH-6, CH,-NC=0), 4.23
(t,J=7.1 Hz, 6H, CH-7, CH>-N). 13C (500 MHz, DMSO-
ds) ppm: 6 180.1 (C-8), 166.4-165.8 (C-3), 153.8 (C-
7), 144.2 (C-9), 140.7 (C-14), 131.5-111.7 (Ar-C: C-
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12, C-10, C-11, C-6, C-15, C-5, C-13), 61.0-59.9
(C-2), 14.8-14.7 (C-1). Anal. Cale. for Cs;HssN303S;3
(984.19 g/mol): C, 62.24 %; H, 4.61 %, N, 18.50 %.
Found: C, 62.06 %, H, 4.15 %, N, 18.07 %.

Instrumentation

The melting points of the synthesized compounds were
determined using an Electrothermal IA9000 series
melting point apparatus. Elemental analyses (CHNS)
were carried out using a 2400 Series II CHNS/O
elemental analyzer (PerkinElmer). UV—Vis absorption
spectra were recorded using a Shimadzu UV-1800
spectrophotometer. ATR-FTIR spectra were obtained
in the range of 4000—400 cm™* using a Shimadzu
IRTracer-100 spectrophotometer. The 'H and *C NMR
spectra were recorded using a Bruker Avance 11 400
spectrometer.

Anion Titration Studies

Stock solutions of AT1-AT3 (1 x 10~° M) were
prepared in acetonitrile, while the anion solutions (1 x
10 M) were prepared in acetonitrile-deionized water
(9:1, v/v). Prior to titration analysis, the anion stock
solutions were diluted to 1 x 10 M. All solutions were
analyzed using UV-Vis spectroscopy. Each titration
was performed in triplicate to ensure reproducibility
of the measurements. The UV-Vis titration data were
fitted using the BindFit package v0.05, available online
at https://supramolecular.org, based on a 1:1 binding
model using the Nelder-Mead method.

RESULTS AND DISCUSSION

The synthesis of AT1-AT3 involves two key stages:
beginning with nucleophilic acyl substitution followed
by thiourea formation. Initially, tris(2-aminoethyl)
amine (TREN), which contains three primary amine
groups reacts with ethyl-4-aminobenzoate under
reflux in toluene. In this amidation step, the primary
amine groups of TREN attack the ester carbonyl
centres, generating tetrahedral intermediates that
collapse to eliminate ethanol [23]. This process leads
to the formation of three amide bonds, yielding a
tripodal benzamide intermediate.

In the subsequent step, this intermediate reacts
with the corresponding isothiocyanate. The aromatic
amine group acts as a nucleophile, attacking the
electrophilic carbon atom of the isothiocyanate
(-N=C=S) to produce a transient zwitterionic species.
This species undergoes a proton shift to afford the
corresponding thiourea linkage. Each of the three
arms undergoes this transformation, resulting in the
tris-thiourea-substituted receptors AT1-AT3 (Figure
2). The overall reaction mechanism is illustrated in
Figure 1.
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Figure 2. Chemical structure of the tripodal receptors AT1-AT3
FT-IR Analysis exhibited peaks characteristic of —NH stretching at

3320-3420 cm!, CH stretching at 3000-3100 cm' [24]
Figure 3 shows the FT-IR spectra for AT1-AT3, [25], and C=0O (amide) stretching at 1650-1720 cm’!
confirming the formation of the tripodal amide- [26]. The thioamide (C—N) stretching vibraions were
thiourea receptors and highlighting the electronic observed in the 1250-1400 cm™! region [27]. The N—
influence of the aromatic substituents. All receptors H peak frequencies for AT1 and AT3 were relatively
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higher than AT2 due to the weaker and more uniform
HB interactions associated with the hydrogen and —
CN substituent, which induced less perturbation of the
N-H bond, and resulted in sharper, better-resolved
NH stretching vibrations. In contrast, the strongly
electron withdrawing —NO;, in AT2 significantly
increased the N—H acidity and promoted extensive
intermolecular HB interactions in the solid state,
resulting in the observed band broadening and
reduced sharpness [28]. Additional diagnostic peaks
confirmed the presence of substituents, with AT2
displaying the NO- asymmetric stretch at ~1529 cm™,
while AT3 presented the characteristic C=N band at
2220-2260 cm™. These spectral features demonstrate
that the —NO> substitution perturbed the amide—
thiourea framework most significantly, while
CN substitution produced moderate effects [29],
while the unsubstituted AT1 remained the least
electronically perturbed.

The IR spectra also reveal that the lower
transmittance (higher absorbance) values observed
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for AT3 reflect stronger vibrational absorption, likely
due to increased bond polarization induced by the
electron-withdrawing —CN group [30]. AT2 bears the
—NO, group which promotes extensive HB networks
that broaden and attenuate vibrational signals, while
the —CN group enhances the dipole-moment changes
for the N-H and C=O vibrations without inducing
significant HB-related broadening [31]. As a result,
AT3 exhibited the highest absorption intensity,
followed by AT1 and then AT2.

UV-Vis Spectroscopic Studies of Tripodal
AT1-AT3

The UV—Vis spectra of AT1-AT3 (Figure 4) revealed
two principal absorption features characteristic of
amide-thiourea receptor frameworks with a high-energy
n—n* band in the 200-250 nm region and a
lower-energy n—n* band around 275-310 nm,
consistent with documented trends for conjugated
heteroatomic chromophores [32].
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Figure 3. FTIR spectra of tripodal AT1-AT3.
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For AT1, the n—=* transition was centred near
~220 nm with a relatively weak absorbance, while the
n—n* band appeared at ~295 nm with a moderate
intensity. The lack of strong electron-withdrawing
functionality resulted in less n-electron delocalization
upon excitation, and thus a lower overall absorption
strength. AT2 with meta-NO, caused a slight
bathochromic shift of the n=—n* band relative to AT1,
along with a modest increase in absorption, reflecting
the ability of strongly electron-withdrawing
substituents to lower the energy gap between the
ground and excited states by stabilizing the =
framework [33]. In contrast, the n—=n* transition in
AT2 had a lower intensity than in AT3, which may be
due to intramolecular interactions such as HB between
the nitro acceptor and the thiourea N—H, attenuating
the nonbonding electron contribution to the transition
[34]. Meanwhile, the a—=n* band of AT3 occurred
at a similar wavelength to that of AT2, but the
n—7* absorption was the most intense among the
series. The cyano group, as another strong electron
acceptor, enhances n-system polarization without
significant intramolecular HB interference, thereby
increasing the change in dipole moment associated
with the n—n* transition and leading to stronger
absorption [31].

Overall, these observations illustrate that
meta-position electron-withdrawing substituents
modulated both the positions and intensities of the
electronic transitions in tripodal thiourea derivatives,
with the cyano substituent producing the most
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pronounced enhancement of the n—n* band due to
efficient polarization of the chromophore, consistent
with the FTIR data.

'H and '*C NMR Analysis

The 'H NMR spectra of receptors AT1-AT3
were recorded in DMSO-ds, with chemical shift
assignments as shown in Figures 5-7. All three
spectra displayed characteristic signals corresponding
to thiourea and amide functionalities, aromatic rings,
and alkyl linkages, confirming the successful
synthesis of the designed receptors.

The 'H NMR spectrum of AT1 (Figure 5)
exhibited broad singlets at & 10.14 and —9.82 ppm,
corresponding to the NH protons of thiourea and
amide groups. The nearby C=0 and CS(NH;), groups
exerted a strong deshielding effect, indicating strong
HB interactions with the solvent [35]. The aromatic
protons appeared as multiple overlapping signals in
the range of 6 8.0—7.1 ppm, attributed to the protons
on the phenyl rings. The methylene protons adjacent
to the electronegative nitrogen atom and carbonyl
group resonated as a multiplet at § 4.31 and —4.22
ppm. The pronounced deshielding effect exerted by
these neighbouring functional groups shifted the
signal downfield from the typical aliphatic methylene
region (8§ 1.35-1.20 ppm) [36], thereby confirming
the presence of methylene groups in the receptor
framework.

Absorbance

— AT1
AT2
AT3

200 250

300 350 400

Wavelength, nm

Figure 4. UV—Vis absorption spectra of AT1-AT3 recorded in acetonitrile-water (9:1, v/v) (1 x 107° M),
showing absorption bands attributed to m—m and n—m electronic transitions.
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For AT2 (Figure 6), the -NO: substituents
caused a noticeable downfield shift in the spectrum.
The —NH protons appeared at & —11.22—-10.40 ppm,
more deshielded compared to AT1 and AT3. This
is attributed to the strong electron-withdrawing
inductive effect of the nitro group, which reduces the

electron density at the nitrogen nucleus, increasing
the acidity of the NH bond and in turn enhancing its
HB capability [37]. The aromatic region (6 —8.81—
7.23 ppm) exhibited multiple overlapping signals and
had shifted further downfield, consistent with the
influence of —NO: substitution on the aromatic rings
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[38]. As with AT1, AT2 exhibited methylene
resonances at 6 4.33 and —4.21 ppm, which were
also shifted downfield due to the increased electron
deficiency within the molecular framework [39].

The spectrum of AT3 (Figure 7) exhibited
intermediate deshielding effects relative to AT1
and AT2. The NH resonances were observed at
6 —10.82-9.63 ppm, which were downfield compared

o

Hi1,

H10, H4, H4’, HS, H5, H5’ H9
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to AT1 but upfield relative to AT2, reflecting
the moderate electron-withdrawing nature of the
—CN group [40]. The aromatic signals appeared
between 8 —7.91 and —7.03 ppm, forming a well-
defined multiplet region consistent with the
symmetrical arrangement of the aromatic rings. The
methylene protons observed at § 4.33 and —4.23 ppm
exhibited a similar resonance pattern to those of AT1
and AT2.
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Figure 8. *C-NMR spectrum of AT1.
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Figure 10. 3C-NMR spectrum of AT3.

UV-Vis Studies

The binding modes of the tripodal AT1-AT3
receptors toward various oxoanions (CrO4%, Cr,0>,
MnO4, AsOs, CO3%", SO42°, and PO43") were
investigated by UV-Vis analysis. Colorimetric analysis
showed no visible colour changes upon addition of

these anions (Figure 11, d). Their UV-Vis spectra,
however, exhibited distinct spectral responses upon
titration with the oxyanions, as shown in Figure 11
(a-c). All spectra displayed two main absorption
bands, corresponding to p—p* and n—p* transitions,
attributed to the aromatic p-system and the —C=0 and
—C=S groups, respectively [32].
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In all cases, the addition of anions resulted in
a slight red shift (bathochromic effect) accompanied
by a decrease in absorbance intensity (hypochromic
effect). The bathochromic shift indicates the occurrence
of HB interactions within the complexes [41]. For the
free receptors, absorption bands were observed at 219
nm and 284 nm (AT1), 216 nm and 282 nm (AT2),
and 219 nm and 287 nm (AT3). Upon incremental
addition of anion salts, these wavelengths shifted to
220-221 nm and 288 nm (AT1), 216-220 nm and
282-284 nm (AT2), and 219 nm and 288 nm (AT3).

At the lower energy band (n—p*), AT1
underwent the largest red shift, followed by AT2 and
AT3. This phenomenon was caused by direct HB at
the -C=0 and —C=S regions. The electron-donating
nature of AT1 positioned the band at an energy level
that was more easily stabilized upon binding. This
finding is consistent with another study [42], indicating
that electron-donating substituents increased orbital
energy and reduced the HOMO-LUMO gap, while

Spectroscopic Screening and Binding Studies
of Tripodal Amide-Thiourea Ligands as
Oxoanion Receptors

electron-withdrawing substituents decreased orbital
energy. Meanwhile, AT2 showed a moderate shift in
this band, as the —NO, stabilized the receptor orbitals
through increased —-NH acidity, leading to HB formation
[43]. In contrast, at the high energy (m—m#*) band,
AT?2 exhibited the largest shift (up to 4 nm) as the —
NO; group strongly withdrew electron density from
the aromatic system and lowered the receptor LUMO
via inductive and resonance effects [44]. Upon anion
binding, this results in a greater perturbation of the
aromatic m-system and its associated energy levels,
suggesting a redistribution of m-electron density
through polarization or charge-transfer interactions
within the receptor—anion complex [45]. Furthermore,
the decrease in the absorption intensity for AT1-AT3
upon anion titration is attributed to the reduced
availability of n-electrons for excitation and
diminished p-electron delocalization following
complex formation, leading to weakened p—p* and n—
p* transitions [46].
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Figure 11. (a-c) UV-Vis spectra of receptors AT1-AT3 (1x10-5 M) upon addition of different oxoanions in
MeCN/H20O (9:1), (d) Visual appearance of AT3 solutions in the presence of various oxoanions.
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Overall, the spectral changes indicate the
occurrence of receptor—anion interactions attributed to
internal charge transfer (ICT) triggered by the strong
interaction of oxoanions with —NH donors and the
oxygen atoms of the oxyanions that perturbed the
electronic environment of the chromophoric system,
and led to the observed shift.

Isosbestic Point and Job Plot Analysis

In anion titration, an isosbestic point is a wavelength
where the absorbance remains constant as the anion
concentration increases, even though the overall
spectrum changes. This behaviour indicates a direct
and well-defined conversion between the free receptor
and the anion-bound complex. The presence of a clear
isosbestic point generally confirms the formation of
a 1:1 stoichiometric complex without significant
side reactions. Conversely, the absence of a clear
isosbestic point suggests that the binding process
is not straightforward and may involve multiple
equilibria or gradual conformational changes during
complex formation, multiple binding modes,
deprotonation, or aggregation [47]. To further
understand this binding behaviour, Job plot
analysis is employed to determine the stoichiometry
of the receptor—anion interaction. By systematically
varying the receptor to anion ratio while keeping the
total concentration constant, the maximum change in
absorbance reveals the binding ratio [48]. Together,
the isosbestic point analysis and Job plot provide
complementary information, helping to clarify
both the complexity and the stoichiometry of
anion binding.

In this study, the absence of a sharp isosbestic
point indicates that the binding process did not
involve a simple two-species equilibrium between the
free receptor and a single spectroscopically distinct
complex, as displayed in Figures 12-14. This
behaviour is common for flexible, multi-HB receptors
such as tripodal amide thioureas, where anion binding
induces gradual conformational rearrangements
and redistribution of N-H-O interactions [49].
Consequently, the electronic transitions of the free and
bound species overlap, resulting in a smooth spectral
evolution rather than a fixed crossing point [50].
Despite the non-ideal isosbestic behaviour, the
monotonic spectral changes clearly indicate receptor-
anion interactions.

Spectroscopic Screening and Binding Studies
of Tripodal Amide-Thiourea Ligands as
Oxoanion Receptors

Figures 12—14 also show that the incremental
addition of selected anions (AsO+*", CrO+*", Cr20+*,
and MnO4") at 1-10 equivalents to the receptor
solution resulted in a continuous decrease in
absorbance. The subsequent decrease with further
anion addition demonstrated electronic perturbation
as the receptor-anion complex formation absorbing
species decreased as the titration progresses toward
saturation, resulting in a lower overall absorbance [51].
Moreover, anion binding may induce conformational
changes in the tripodal receptor such as the folding
of the receptor to encapsulate the anion, which
alters the conjugation within the chromophore,
thereby modifying its light-absorption properties. In
addition, the binding of a basic anion can cause
the deprotonation of acidic NH groups which also
contribute to the decrease in absorbance [52].

These observations are consistent with
previously reported hypochromic effects in thiourea-
based and other neutral receptors during anion
titration, where addition of anions induces the
absorbance due to structural and electronic changes in
the receptor—anion system. For instance, the intensity
of the absorption spectrum of thiourea-based
receptors decreased upon addition of fluoride and
phosphate anions [43]. However, a further increase in
the concentration of these anions resulted in no
significant changes in the absorption profile. This
behaviour can be attributed to the initial hydrogen
bonding interaction between the anions and the acidic
NH groups of the thiourea moiety, followed by
deprotonation at higher anion concentrations.
Once deprotonation reaches saturation, no additional
receptor—anion interactions occur, leading to a plateau
in the electronic perturbation of the chromophore and
consequently no further observable changes in the
absorption spectrum [53] [54].

Among the three receptors for AT1 (Figure
12), the spectral changes observed upon anion
addition were relatively small, particularly for CrO+*
and MnOs4". The broad and poorly defined overlap
regions indicated by the arrows suggest only weak
binding-induced perturbation of the electronic
structure. This behaviour is consistent with AT1
containing a phenylthiourea group as a hydrogen
substituent, resulting in a comparatively low HB
donor strength [55].
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Figure 14. UV-Vis absorption spectral changes in AT3 (1.0 X 107> M) upon incremental addition (0—10 equiv.)
of (a) Cr207*", (b) AsO+*", (¢) MnOs~, and (d) CrO4+*" in CHsCN/H20 (9:1, v/v) at room temperature. The arrows
indicate the direction of absorbance change with increasing anion concentration.

In contrast, AT2 (Figure 13) displayed more
noticeable and systematic spectral changes for all four
anions. Although a distinct isosbestic point was not
observed, the spectra evolved more regularly, with a
clearer reduction in the original absorption bands.
Despite the presence of an electron-withdrawing
substituent, the meta substitution in AT2 limited
effective resonance communication with the thiourea
moiety, resulting in only moderate NH polarisation
and comparatively weaker anion binding strength.
Nevertheless, the strong inductive electron-withdrawing
nature of the —NO: group increased the acidity of the
thiourea NH protons, thereby promoting more uniform
receptor—anion hydrogen bonding interactions and
stabilising the resulting complexes [18].

The spectral responses were even more
pronounced in AT3 (Figure 14), reflecting a more
effective transmission of electron-withdrawing
influence toward the thiourea moiety. Although the
—CN substituent is intrinsically weaker than —NO, its
electronic effect was more efficiently relayed within
the molecular framework of AT3, leading to enhanced
thiourea NH acidity and amplified binding-induced

electronic perturbation. Consequently, there was
stronger HB donation to oxoanion groups, resulting in
a more significant redistribution of electron density
within the conjugated system and a substantial
decrease in absorbance intensity, particularly in the
270-290 nm region [56].

Although a well-defined isosbestic point
was not observed throughout this UV—Vis titration,
likely due to the presence of multiple equilibria
involving hydrogen bonding interactions and partial
deprotonation of the thiourea NH groups, the Job plot
analysis suggests that a 1:1 receptor—anion interaction
was the predominant binding mode [57]. The Job
plots (Figure 15-17) exhibited symmetrical parabolic
profiles with maxima centred at a molar fraction of
approximately Xg = 0.5 for all oxoanions investigated
(AsO+*7, CrO+*, Cr20+*, and MnOx"). The tripodal
receptors AT1-AT3 possess a preorganized cavity
comprising three flexible arms bearing HB donor
(thiourea —NH) and acceptor (amide —-NH and —C=0)
sites capable of forming multiple N-H-O interactions
with tetrahedral oxoanions. Thus, the dominant
spectroscopically responsive species is consistent
with a 1:1 receptor—anion complex.
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binding stoichiometry between AT2 and the respective anions.
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calculated absorbance values fitted using BindFit for the determination of the 1:1 association constant (Ki:1).

Analysis of Association Constants (Ka.)

The association constants (Ki.1) for receptors AT1-
AT3 toward the respective oxoanions were determined
by the non-linear least-squares fitting of UV—Vis
titration data using the BindFit platform, assuming a
1:1 host—guest binding model [58]. The calculated
absorbance values closely matched the experimental
data, as evidenced by the good overlap between
experimental and calculated curves, confirming the
validity of the proposed binding stoichiometry
(Figure 18-20) [59].

In Figure 18, tripodal receptor AT1-anion
complexes exhibited moderate binding affinities
toward the investigated oxoanions. Among the anions
tested, AT1 showed the strongest interaction with
AsO+*", with a Ki.1 value of approximately 1.14 x 10*
M, followed by CrO+>" with 8.55 x 10> M, Cr207*
with 4.05 x 10°* M™!, and MnO4~ with 2.88 x 10° M.

The relatively higher affinity toward AsO4*~
can be attributed to its tetrahedral geometry and
multiple oxygen atoms, which enable effective
HB interactions with the thiourea —NH donors.
In contrast, the absence of electron-withdrawing
substituents in AT1 limits the acidity of the thiourea
—NH protons, resulting in comparatively weaker
receptor-anion interactions.

AT2 (Figure 19) showed a noticeable
enhancement in the binding strength of all the anions
studied. The Ki. for AT2 ranged from 4.02 - 5.06 x
10* M, indicating consistently stronger interactions
than those observed for AT1. The strongest binding
was observed for MnO4™ (5.06 x 10* M) and Cr.0*

(4.62 x 10°* M™). The strong electron-withdrawing —
NO; group increases the acidity of the thiourea NH
protons, thereby strengthening the HB donation to
the oxoanion oxygen atoms. This substituent effect
enhances electrostatic stabilization of the receptor-
anion complex and improves binding efficiency. The
relatively uniform Ki.1 values across different anions
also suggest that AT2 had greater binding robustness
compared to AT1.

In comparison, AT3, which incorporated a -
CN substituent, demonstrated the highest binding
affinities among the three receptors (Figure 20). This
receptor exhibited a significantly enhanced association
constant toward C204%", with a Ki.: value of 1.88 x 10*
M, an order of magnitude higher than those observed
for AT1 and AT2. The K. for other anions, including
MnOs (4.96 x 10* M) and Cr20* (3.74 x 10* M),
further confirmed the superior binding performance of
AT3. The electron-withdrawing nature of the —CN
group substantially increases thiourea —NH acidity,
leading to a more effective inductive electron-
withdrawing effect, and thus a stronger and more
directional N—H-O hydrogen bond. In contrast, the —
NO; group may participate in intramolecular HB with
adjacent N—H donors, reducing their availability for
effective anion binding. Furthermore, the smaller and
more linear nature of the —CN substituent allows better
preorganization of the tripodal binding cavity, facilitating
cooperative multidentate HB [60]. These combined
effects resulted in the greater stabilization of the
anion—-receptor complex for AT3, leading to a higher
Ki.a relative to AT2. Additionally, the planar nature
and charge density of CrO+* may favour optimal
geometric complementarity with the AT3 binding
cavity, resulting in enhanced complex stability.
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Figure 21. Anion encapsulation by the receptor is facilitated through NH:--O hydrogen bonds.

The binding affinities of the receptor-anions preserving favourable receptor geometry and m-surface
followed the trend: AT3 > AT2 > AT1, indicating that accessibility, enabling more effective convergent
receptor—anion interactions are governed not solely by NH-O hydrogen bonding and additional non-covalent
substituent electron-withdrawing strength but by a stabilization. The enhanced binding observed for AT
balance between NH acidity, receptor preorganization, can be rationalized by the proposed binding mode
and secondary stabilizing interactions such as anion— shown in Figure 21, where anion complexation
© and ion—dipole forces. While the —NO- group is a occurs through multiple convergent NH O hydrogen
stronger electron-withdrawing substituent, the —CN bonds from amide and thiourea groups, complemented

group provides sufficient NH acidification while by ion-dipole and anion-m interactions. Experimental
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absorbance values agreed well with BindFit calculations,
supporting the 1:1 binding model and the reliability of
extracted association constants. Although distinct
isosbestic points were absent, Job plot analyses
showed maxima at ~0.5 mole fraction, confirming
predominant 1:1 stoichiometry [61]. Nonlinear fitting
further indicated well-behaved binding equilibria.
Overall, Job plot analysis and K, values provided
quantitative evidence of complex formation, with
UV-Vis changes offering qualitative confirmation.
The pseudo-isosbestic behaviour aligns with that of
other flexible thiourea- and urea-based receptors,
reflecting a gradual spectral evolution rather than an
ideal two-state transition [17][58].

CONCLUSION

Three tripodal amide—thiourea receptors (AT1-AT3)
were successfully synthesized and evaluated for
tetrahedral oxoanion recognition. Spectroscopic
analyses confirmed that anion binding occurred
primarily through N-H-O hydrogen bonding
interactions within a preorganized tripodal framework.
UV-Vis titration results revealed consistent
bathochromic and hypochromic responses, while
Job plot and binding constant analyses supported
a predominant 1:1 binding mode.

The binding affinities followed the trend
AT3 > AT2 > ATI1, demonstrating that substituent
effects played a crucial role in modulating receptor
performance. The —CN group in AT3 provided an
optimal balance between electron-withdrawing ability
and structural preorganization, resulting in enhanced
binding strength. In contrast, the —NO2 group in
AT2, although strongly electron-withdrawing,
may lead to a reduced binding efficiency due to
intramolecular interactions.

Overall, this work highlights the critical role
of substituent effects in governing HB capability,
electronic modulation, and anion recognition
performance in tripodal amide—thiourea systems.
The results establish the AT3 framework as a
promising scaffold for the selective optical sensing of
environmentally relevant oxoanions. Furthermore,
the identified structure—property relationships
provide valuable guidance for the rational design of
advanced supramolecular receptors for environmental
monitoring and water quality assessment.
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