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oscopic studies and
computational modelling of anthracene-bis-N-
acetylglyoxylic amide derivative for anion
recognition

Venty Suryanti, *a Hilda Alfiyani Setyono,a Yuniawan Hidayat,a David StC Black b

and Naresh Kumar b

A new fluorescent anion receptor containing anthracene and amide moieties has been synthesized to

selectively recognize anions via hydrogen bonding and electrostatic interactions. An anthracene-bis-N-

acetylglyoxylic amide derivative, namely N,N0-(anthracene-9,10-diylbis(methylene))bis(2-(2-

acetamidophenyl)-2-oxoacetamide), was successfully synthesized by reacting of 9,10-diaminomethyl

anthracene with N-acetylisatin. An analysis of the anthracene-bis-N-acetylglyoxyl amide derivative's

interaction with anions revealed that it recognized CN−, F−, and H2PO4
− more selectively than other

anions studied, such as Cl−, NO2
−, HPO4

2−, HSO4
−, and ClO4

−. As shown by 1H NMR spectroscopy data,

the addition of CN− and F− caused the receptor to deprotonate, and that intermolecular hydrogen

bonding led to the complex formation between the receptor and H2PO4
−. Based on the UV-Vis

spectroscopy data, the synthesized compound's binding site and the anthracene fluorophore did not

show any noticeable ground-state interactions, after adding anions. The fluorescence data revealed that

the CN−, F−, and H2PO4
− addition caused in an enhancement of fluorescence intensity, suggesting that

the anion caused the anthracene-bis-N-acetylglyoxylic amide to become more rigid. Using DFT

approximation, the positive surface of the molecules was identified as the most potential area for

interaction with the F− anion. Additionally, the more intense blue gradient of the non-covalent

interaction spectra indicates a tendency for hydrogen bond-type interactions.
Introduction

Considering the consequences of anions in biological, indus-
trial processes, and environmental, synthesizing anion recep-
tors has been fascinating for many years. The varied geometries
of anion cause a challenge in anion receptor design. The
anionic guest's size, shape, and charge have to complement that
of the anion receptors.1 Synthetic anion receptors have revealed
many particular application potentials in the areas of anion
sensors, phase-transfer catalysts, anion-selective electrodes,
extraction and separation anion.2 As anion's binding sites, N–H
containing molecules, including amides, amines, ureas,
sulfonamides, pyrroles, and imidazolium groups, have been
utilized extensively.3 The correct orientation of hydrogen bonds
between the receptors and anions, such as N–H/anion or O–
H/anion, are oen exploited to full this requirement. Their
interactions are stabilized by hydrogen bondings.4 The amide
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7781
based on non-macrocyclic aromatic receptors have been
synthesized for anion binding towards H2PO4

−, AcO−, and Cl−,
forming complexes.5 The complexes stability depends on the
anion's basicity.

In recent years, anion recognition has advanced through
deep learning-guided receptor design and water-compatible
uorescent probes with high selectivity. These approaches
offer impressive sensitivity but oen require complex synthesis
or limited photostability. Deep learning allows researchers to
move beyond traditional trial-and-error methods and develop
receptors tailored to specic anions, with applications ranging
from catalysis to biosensing.6–10 Water-soluble uorescence-
based probes are used in various applications, including
detecting and imaging biomolecules, ions, and other analytes in
biological systems and environmental monitoring.11–13 The
research aims to obtain an anion receptor with simplicity,
photostable uorescence, and efficient hydrogen bonding that
can detect a specic anion and convert the recognition event
into a signal.

The amide group is a good hydrogen-bond donor group,
which forms hydrogen bonds between the amide group and
anions directionally, resulting in strong complexes with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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anions.4 A series of bis-N-acetylglyoxylic amide has been easily
obtained by ring-opening bis-acylisatins with amines.14 Bis-
glyoxylamide peptidomimetics library has also been synthe-
sized by reacting of bis-N-acetylisatins connected at C5 with
amines.15 The amide has been utilized as the binding site for
the anion receptors. N-acetylglyoxylic amide derivatives 1 and 2
bearing a nitrophenyl moiety (Fig. 1) displayed CN− and F−

recognition by hydrogen bonds.16,17 Its color changes were
ascribed to the intramolecular charge transfer that followed the
N–H group's deprotonation. Multiple hydrogen bonds of N–H/
Cl and C–H/Cl were found to result in a strong binding for the
chloride ion in the crystal structure of N-nitro-
phenylglyoxylamide 1 when linked with TBA-Cl.16,17 Similarly,
a cinnamaldehyde derivative with a nitrophenyl moiety 3
performs color changes for the H2PO4

− and AcO− sensing.18,19

One common uorescent signaling unit utilized to convert
the binding event into a signal is anthracene. It is an ideal
structure for constructing anion receptors with high-affinity
binding and sensing.20,21 It has been discovered that deriva-
tives of anthracene are selective uorescent chemosensors for
anions.22,23 In this study, we synthesized a new uorescent
anionic receptor, the anthracene-bis-N-acetyl glyoxylic amide
derivative, based on the chemical characteristics of anthracene
and amide. The ring opening of N-acetylisatin was carried out
by anthracene containing amine groups. The uorescent unit of
anthracene was selected for this work as a scaffold for linkage to
the N–H binding site of glyoxylamide. The anthracene-bis-N-
acetylglyoxylic amide, which has four N–H groups, was pre-
dicted to establish several strong hydrogen bonds with anions
for increased binding selectivity and affinity. Titration experi-
ments were used to investigate the interaction between the
synthesized compound and anions which were monitored by
UV-Vis, uorescence, and 1H NMR spectroscopy.

Meanwhile, density functional theory (DFT) in molecular
modeling has become a powerful tool for investigating the
microscopic aspects of the structure of synthesized molecules.
DFT is a quantum mechanical method used to investigate the
electronic structure of atoms, molecules, and solids. It
simplies complex many-body interactions by focusing on
electron density rather than wavefunctions. As a result, DFT
provides a practical balance between computational efficiency
and accuracy, making it widely used for predicting molecular
properties such as charge distribution, energy levels (HOMO–
LUMO), reactivity, and intermolecular interactions. Here, DFT
methods were used to conrm the properties of the synthesized
molecule and identify the preferred areas where anions would
Fig. 1 N-Acetylglyoxylic amide derivatives (1–2) and cinnamaldehyde
derivative bearing a nitrophenyl moiety.

© 2025 The Author(s). Published by the Royal Society of Chemistry
be interacted. The DFT would give a good result in the electronic
structure between synthesized compound and anions and
prediction in the transformation of the recognition event into
a signal. The outcomes of these anion recognition studies can
be applied to the separation and remediation of anions
mixtures in industrial aqueous waste, and the production of
anion sensors that can be utilized in detecting the amounts of
biological anions within cells.
Results and discussion
Synthesis of an anthracene bis-N-acetylglyoxylic amide
derivative

Anthracence-bis-N-acetylglyoxylic amide 8 was designed to have
amide groups in opposite position using starting materials of
1,8-diamino anthracene 6. First, the 9,10-di-
bromomethylanthracene 5 was obtained from anthracene 4
with a 74% yield as a greenish solid. A singlet resonance at
5.52 ppm for the methylene protons was shown in the 1H NMR
spectrum of compound 5, which was agreed with the literature
values.24 The 9,10-diaminomethylanthracene 6 was synthesized
based on the procedure explained (Fig. 2).24 The 9,10-di-
bromomethylanthracene 5 was reacted with tetra-
decyltrimethylammonium bromide in order to produce 9,10-
diaminomethylanthracene 6 in 80% yield as a light brown solid.
The 1H NMR spectra of compound 6 matched the values found
in the literature.24

A new compound of anthracene-bis-N-acetylglyoxylic amide
8 was successfully obtained in a yield of 55% by reuxing for 24
hours of 9,10-diaminomethylanthracene 6 and N-acetylisatin 7
in toluene (Fig. 2). The 1H NMR data revealed that the synthe-
sized compound 8 was symmetrical because just one resonance
at 9.32 for the glyoxylamide N–H protons and at 10.66 ppm for
amide N–H protons were spotted for each. The existence of
methylene protons at 5.53 ppm was veried by a doublet.
Fig. 2 Reaction steps for synthesising of an anthracene bis-N-ace-
tylglyoxylic amide derivative: (i) 1,3,5-trioxane, C40H84BrN, HBr,
CH3CO2H; (ii) hexamethylenetetramine in anhydrous CHCl3 subse-
quently by HCl, ethanol, H2O; (iii) toluene at reflux for 24 hours.

RSC Adv., 2025, 15, 27772–27781 | 27773
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Studies of anion recognition by 1H NMR spectroscopy

The anion binding studies of compound 8 were performed in
dimethyl sulfoxide. The synthetic anthracene derivative 8,
which is poorly soluble in other aprotic media, led to the
selection of this particular solvent. Fig. 3 shows partial 1H NMR
spectrum of compound 8 when was titrated using CN−. This
gure presents the peak changes of the aromatic, methylene,
and N–H protons upon addition of CN− solution. The 1H NMR
spectrum of molecule 8 is simple due to its symmetrical
molecular structure. In the absence of anions, there was just
one resonance for the glyoxylamide and amide N–H protons at
9.32 and 10.66 ppm, respectively. There was a doublet for the
methylene protons at 5.53 ppm. The glyoxylamide and amide
NH proton signals were appeared to gradually broaden, weaken,
and disappear aer adding 0.5–6 eq. of CN− to solution 8.
Slightly upeld shis for the aromatic protons of the isatin ring
were found and line widening of the singlet for the –CH3

protons was signicantly seen, at the later titration process. The
anthracene phenyl rings are not considered as potential
candidates for interaction with CN− because adding CN− to the
compound 8 solution did not modify their signals. When CN−

were present, a singlet of the methylene spacer group took the
place of the doublet at 5.53 ppm. According to this data, the
N–H protons in glyoxylamide were deprotonated. The ndings
showed that the compound 8 rst coordinated with cyanide ion
and when the concentration of CN− elevated, the glyoxylamide
N–H protons were then deprotonated. Two equivalents of CN−

must be added in order for the two glyoxylamide N–H protons to
be deprotonated. In previous studies, an N–H group of amides
serves as a binding site of chemosensor for anions.16,17 Other
studies reports that anion CN− is connected to the host mole-
cule by O–H and N–H, which severely inhibit the process of
deprotonation.25
Fig. 3 The changes of compound 8 spectra upon the addition of CN−

are shown in partial 1H NMR spectra.

27774 | RSC Adv., 2025, 15, 27772–27781
The 1H NMR spectrum shis of compound 8 were compa-
rable, in the case of F−, to those of CN−. First, when the
concentration of F− increased, the uoride ion complexed with
compound 8, causing the N–H protons in glyoxylamide to
deprotonate. The doublet at 5.53 ppm, which corresponds to
the methylene protons being substituted by a singlet upon
adding 2 eq. of F−, indicates that glyoxylamide N–H protons
underwent deprotonation.

The addition of 10 eq. of H2PO4
− resulted in the glyox-

ylamide and amide N–H protons broadening and slightly
shiing downeld. Additionally, it was observed that the
methylene protons resonance was broadening. The data sug-
gested that compound 8 and the H2PO4

− formed hydrogen
bonding interactions, while deprotonation of compound 8 was
not observed. The changes NMR spectra of compound 8 upon
addition of F− and H2PO4

− are presented in SI. On the other
hand, when 10 eq. of other anions tested are added to
compound 8, the 1H NMR spectrum does not change, indicating
that compound 8 and these anions did not interact.

Due to their basicity, compound 8 is selective for the CN−

and F−, allowing them to act as hydrogen bond acceptors,
thereby initiate compound 8 to deprotonate. This ndings
aligns with a theory proposed7 that uoride is the smallest
anion with the highest electronegativity and the ability to act as
Brønsted base at increasing concentration. Similarly, at lesser
concentrations, it can establish hydrogen bonds. The H2PO4

−,
which has less basicity than F− and CN−, was the only one to
form a complex with compound 8. However, as there were only
slight proton shis noticed upon the addition of H2PO4

−,
association constant data could not be acquired for this
complex. Compound 8 did not interact with any of the less basic
anions investigated, including Cl−, Br−, NO2

−, ClO4
−, HSO4

−,
and HPO4

2−, where deprotonation did not occur.
Studies of anion recognition by UV-Vis spectroscopy

The UV-Vis absorption spectra of anthracene shows ve
absorption peaks at 380, 360, 343, 325, and 257 nm. These
absorbance peaks are attributed to the p–p* transition of the
anthracene moiety. The structural modication for anthracene
derivative 8 shis ve absorption peaks to 398, 377, 357, 339,
and 262 nm (Fig. 4). Peak shis in UV-Vis spectra oen occur for
molecule structural changes. The photochemical characteristics
of the anthracenemoieties have changed in accordance with the
addition of functional groups to it. Substituents attached to the
chromophore structure can shi the chromophore absorption
band position and intensity. This is mostly due to changes in
their electrical properties and intra- and intermolecular
interactions.26

The interaction of compound 8 with anions was analyzed
using spectrophotometric titration, which was analyzed by UV-
Vis spectroscopy. When CN− was added to the solution of 8,
there were no signicant peaks changes observed in the UV-Vis
spectra (Fig. 5). Moreover, once compound 8 was titrated with
anions tested, no appreciable alterations were observed in its
absorption spectra. Compound 8 was designed as a uores-
cence Photo-induced Electron Transfer (PET) sensor/receptor,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The anthracene (solid) and compound 8 (dashed) absorbance
spectra in dimethyl sulfoxide.

Fig. 5 The compound 8 absorbance spectra during titration with CN−

in dimethyl sulfoxide.
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which consists of three important parts, such as uorophore
(anthracene), appropriate linkers (–CH2–), and recognition/
activating groups (N–H protons and the C]O (carbonyl
groups)). Typical PET-based sensor/receptors are multi-
component systems where a uorophore is connected to an
activating/recognition group by an unconjugated linker.27–30

Upon addition of anions, no UV-Vis spectral change observed
was the expected ndings, which support the PET mechanism.
The p / p* anthracene-based absorption bands remained
unchanged, which indicated that there is no considerable
electronic disturbance towards anthracenyl rings due to inter-
action between compound 8 and anion.
Fig. 6 The fluorescence emission spectra changes of compound 8
upon addition of CN− in dimethyl sulfoxide.
Studies of anion recognition by uorescence spectroscopy

The changes on the uorescence emission spectrum of
compound 8 was monitored during titration with anions. The
uorescence experiments were operated at 272 nm of excitation
wavelength. Compound 8 demonstrated an increasing in uo-
rescence intensity at wavelengths of 449, 429, and 406 nm upon
© 2025 The Author(s). Published by the Royal Society of Chemistry
the addition of CN− (0.5 eq.) (Fig. 6). Nevertheless, titrating with
up to 4 eq. CN− did not result in any additional augmentation of
uorescence intensity. The same outcomes were noted for
anions of F− in increasing the uorescence intensity of
compound 8. Fluorescence spectra did not alter when titration
with up to 4 eq. of other tested anions was carried out.

The interaction of an anthracene and an anion can either
decrease or increase uorescence. The two common mecha-
nism of anion interaction with anthracene derivative are
photoinduced electron transfer or the formation of charge-
transfer complexes. Photoinduced electron transfer occurs
when the presence of anions facilitates electron transfer from
the excited state of anthracene derivative to the anion, resulting
in uorescence quenching. Formation of charge-transfer
complexes take place when anions form complex with anthra-
cene derivative which alter its electronic properties and increase
uorescence. Receptor protonation stabilizes the excited state.
Upon excitation, an intramolecular proton transfer occurs,
where a proton moves from a donor group to an acceptor group.
This proton transfer stabilizes the excited state and alter the
electronic structure, effectively reducing the ability of the
excited state to engage in electron transfer with an anion. The
suppression of PET due to intramolecular proton transfer
results in increased uorescence.31–33

The ndings suggest that the uorescence enhancement is
attributed to the complexation of compound 8 with the CN−, F−

or H2PO4
−. Upon initial addition of CN− or F−, the C]O

(carbonyl groups) in compound 8 formed strong intermolecular
hydrogen bonds with anion. Further addition of CN− or F−

resulted in the protonation of compound 8, resulting in intra-
molecular proton transfer and stabilizing of the excited state.
Following deprotonation, no more increase in uorescence was
observed. Similarly, bis-thiocarbonohydrazones which has the
anthracene uorophore, exhibits increasing of uorescence
when F− or AcO− is present.34 More detail information is pre-
sented in SI. Weaker basic anions tested, such as Cl−, Br−,
NO2

−, ClO4
−, HSO4

−, and HPO4
2− are not able to form
RSC Adv., 2025, 15, 27772–27781 | 27775
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intermolecular hydrogen bonds with the compound 8. There-
fore, for these weaker basic ions, no alterations in the uores-
cence spectrum were found.

Although no signicant shis were observed in the UV-Vis
absorption spectra of compound 8 upon addition of CN−, F−,
or H2PO4

−, these results are consistent with a photoinduced
electron transfer (PET) sensing mechanism. The absence of
ground-state spectral changes indicates that the binding of
anions does not signicantly alter the electronic transitions of
the anthracene core in the ground state. Instead, anion recog-
nition appears to modulate the excited-state properties of the
receptor. This is supported by the enhanced uorescence
emission, which suggests that PET from the amide donor units
to the anthracene uorophore is suppressed upon anion
binding. In this way, compound 8 acts as a turn-on uorescent
sensor, where sensing relies on excited-state electronic modu-
lation rather than ground-state perturbation, a behaviour
typical of PET-based receptors.
Fig. 7 Optimized structure of the compound 8 (a) HOMO orbital, (b)
LUMO orbital, (c) the electronic potential surface, and (d) interaction
with the anion F−. The color represents atoms as follow grey=C, red=

O, blue = N, nd white = H, ice blue = F.
Anion recognition studies by computational modelling

In this study, computational methods were employed to rein-
force the experimental ndings. The results offer a valuable
starting point for understanding the receptor's behaviour and
lay the groundwork for broader analyses in follow-up studies.
The F− was selected as a representative anion to model the
binding interaction and to explore the charge redistribution
and hydrogen bonding behaviour at the molecular level using
DFT. We intended to provide an initial theoretical framework
for understanding the nature of the interaction between
compound 8 and the F−. However, the gas phase of the
modelled system still reects the microscopic interactions
between the two molecules involved. The lowest potential
surface energy of the molecule exhibits a structure resembling
a cis-conguration, with anthracene at its center. The molecular
orbitals HOMO and LUMO of the compound are shown in
Fig. 7b and c.

The electron density shis from the anthracene donor region
to the acetylglyoxylic acceptor groups. Notably, the electron
density forms an extended p system within the linker section.
The lowest excitation energy observed, 1.36 eV, demonstrates
the transition of the electron from the HOMO to the LUMO,
from the p system of anthracene to the p* system of the ace-
tylglyoxylic group (p/p*). The highest oscillator strength (f) at
464.60 nm indicates the electron excitation from thep system to
the p* system of the acetylglyoxylic group. Anthracene-based
dyes have been investigated by Liu et al., who concluded that
the p / p* excitation is dominant within the range of
274.65 nm to 542.52 nm, depending on the derivative groups.35

Fig. 7c shows the electronic surface potential of the modeled
structure (compound 8) before and aer interaction with the
anion F−. The blue area represents a more positive potential,
while the yellow to red area indicates a negative surface
potential. The negative surface encompasses the oxygen part,
while the positive surface consists of the hydrogen part of the
structure. The Electronic Potential Surface (EPS) reveals that the
hydrogen atoms connected to nitrogen exhibit a higher positive
27776 | RSC Adv., 2025, 15, 27772–27781
charge than others, especially near the anthracene. Two regions
of the acetylglyoxylic group have similar EPS. Therefore, the
interaction with an anion in the positive part of one acetyl
glyoxylic group can represent the interaction in the other. The
interaction with the anion F− causes the structure to relax and
obtain a lower potential energy (Fig. 7d).

The structural conformation changes in response to the
anion, resulting in less intramolecular hydrogen bonds. The F−

anion position tends to be close to the hydrogen of the acetyl
glyoxylic group, which has a higher positive surface potential.
The charge differences of the corresponding hydrogens are
shown in Table 1. This Table 1 presents the properties of
charge, bond distance, and electron occupancy in the inter-
acting orbitals between the selected amine and the anion (F−)
before and aer interaction. The hydrogen atom attached to
nitrogen becomes more positively charged because the electron
distribution in the bond changes with the elongation of the
bond aer interacting with the anion. As a consequence, the
anion charge also decreases. The Wiberg bond index, being less
than one, supports that the interaction between the hydrogens
and the F− anion has less covalent characteristics.

The NBO analysis of its natural electron conguration before
and aer interaction indicates elongation of the N–H bond.
Upon anion binding, the increased electron occupancy in the
nitrogen valence orbital reects the accumulation of electron
density near nitrogen, which is consistent with electron with-
drawal from the adjacent N–H bond. This shi in electron
density weakens the N–H bond, making it more susceptible to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of the interacted atoms between selected amine of
the acetylglyoxylic group and the anion F−

Properties Before Aer

NBO charge (C)
N −0.688 −0.750
H 0.462 0.563
F− −1.00 −0.731

Bond distance (Å)
N to H 1.01 1.37
H to F− 2.37 1.07

Wiberg bond index
H–F− — 0.39
N–H 0.75 0.28

Natural electron conguration
N 2S(1.28)2p(4.39)3p(0.01)4p(0.01) 2S(1.26)2p(4.43)4p(0.01)
H 1S(0.54) 1S(0.43)
F− 2S(2)2p(6) 2S(1.91)2p(5.81)
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deprotonation. In response, the electron occupancy in the
hydrogen orbital decreases. The decrease in electrons of the F−

anion suggests electron donation to the molecules.
The non-covalent interaction of F− with the molecules can

also be concluded from the Reduced Density Gradient (RDG)
isosurface. The green isosurface between the nearest atoms
suggests a van der Waals interaction. As shown in Fig. 8a, the
intramolecular interactions in compound 8 are rich with van
der Waals interactions, conrmed by the scatter plot, which
shows a green gradient with three spikes. While interacting with
the F− anion, the green gradient spike is reduced as the struc-
tural conformation changes and releases the intermolecular van
Fig. 8 Reduced Density Gradient (RGD) and scatter plot non-covalent
interactions (NCI) (a) of the compound 8, and (b) after interaction with
F−.

© 2025 The Author(s). Published by the Royal Society of Chemistry
der Waals interactions. However, the green isosurface point
around the F− ion conrms that the anion interacts with N–H
and other nearby hydrogen atoms of the molecules. The more
intense blue gradient observed at the RDG value of 0.4 to 0.6
conrms the strong attractive interaction between H and F− by
the acetylglyoxylic group (Fig. 8b). It is consistent with Mishra
and Suryaprakash's work, which proves that the organic uo-
rine near the nearest hydrogen shows a green gradient, indi-
cating the hydrogen bond.36 The carbonyl oxygen atoms of
compound 8 orientates the adjacent N–H groups for effective
hydrogen bonding with the anion. This spatial preorganization
promotes directional hydrogen bonding, where the N–H group
and the anion act as a hydrogen bond donor and acceptor,
respectively. Computational non-covalent interaction (NCI)
analysis supports this interaction mode, highlighting localized
regions of strong donor–acceptor character and the role of
electrostatics in stabilizing the complexes.

A single compound 8 in the gas phase was used as a model in
the computational approximation, whereas in the laboratory
work, the compound was present in the solution. Here, the
solvent also plays a role in solvating the released proton. The
elongation of the hydrogen bond when interacting with the
anion can be used as justication that deprotonation is likely to
occur in the next step of the reaction. As indicated by the UV
data, the inuence of the solvent is crucial since it causes UV
peak shiing. Nevertheless, the electronic transition of
compound 8 remains consistent, from the p system of anthra-
cene to the p* system of the acetylglyoxylic group (p / p*).
This has also been conrmed by data from other researchers.35

Incorporating solvents into computational modeling signi-
cantly increases the complexity of calculations since it involves
accounting for more electrons. Moreover, the complexity of UV
computations increases since electron state probabilities at
each level must be calculated. As a compromise, gas-phase
modelling is oen chosen to allow for feasible simulations
using the available computer clusters.

Although detailed DFT optimization was performed
primarily for the F− complex, comparative insights can also be
inferred for CN− and H2PO4

− based on their observed binding
behaviour and known electronic properties. Both CN− and F−

act as strong bases, and their addition resulted in receptor
deprotonation experimentally. This suggests that these anions
rst interact electrostatically with the amide moiety's acidic
N–H protons before abstracting protons. In contrast, H2PO4

−,
a weaker base and a better hydrogen bond donor/acceptor,
generated a stable complex without deprotonation, possibly
through a network of hydrogen bonds involving both the amide
and carbonyl groups. These differing modes of interaction
supports the receptor's selective uorescence enhancement due
to increased rigidity or binding-induced conformational
changes.

The selective uorescence enhancement of compound 8 in
response to CN−, F−, and H2PO4

− indicates strong potential for
practical sensing applications. In particular, it may be useful for
monitoring hazardous anions in industrial wastewater, where
rapid and selective detection is required. Furthermore, the
receptor's turn-on uorescence behaviour suggests suitability
RSC Adv., 2025, 15, 27772–27781 | 27777
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for intracellular imaging of biologically relevant anions such as
phosphate species. With further modications to improve water
solubility and biocompatibility, this receptor could be used for
environmental and medicinal applications, such as incorpora-
tion into solid-state or nanomaterial-based sensing platforms.
While this study provides meaningful insight into the selective
recognition of anions by the synthesized anthracene-bis-N-ace-
tylglyoxylic amide receptor, limitations should be addressed.
DFT calculations were conducted in the gas phase and do not
fully capture solvent effects—an important factor in anion
recognition under aqueous or polar conditions. The absence of
solvation models may result in discrepancies between theoret-
ical predictions and experimental observations. However, gas-
phase modeling remains valuable in the early stages of
receptor design, allowing rapid screening of multiple candi-
dates before committing to more computationally demanding
solution-phase studies. Additionally, by omitting solvent
effects, gas-phase calculations highlight the intrinsic electronic
and structural features of receptor–anion interactions,
providing a clearer understanding of the fundamental binding
behaviour.

Experimental
Materials

Chemicals were purchased from E-Merck, such as anthracene,
1,3,5-trioxane, isatin, tetradecyltrimethylammonium bromide,
tetrabutylammonium salt, hydrobromic acid, hydrochloric
acid, glacial acetic acid, chloroform, ethanol, and potassium
bicarbonate.

Synthesis of 9,10-bis-(bromomethyl)anthracene 5

A solution of glacial acetic acid (25 mL) and 48% HBr (100 mL)
was used to dissolve anthracene 4 (28 mmol, 5 g). The following
chemicals were added: 1,3,5-trioxane (64 mmol, 5 g) and 0.2 g of
tetradecyltrimethylammonium bromide. The reaction mixture
was brought at reux while being stirred for 24 hours. Aer
cooling, the resultant precipitate was collected, cleaned with
ethanol and water, and then recrystallized from toluene to give
7.58 g of a greenish solid 5 in 74% yield. M.p. 300 °C (lit. 300 °
C);22 1H NMR (300 MHz, DMSO-d6): d 5.52 (s, 4H, 2 × CH2), 7.68
(dd, J = 6.8, 3.3 Hz, 4H, ArH), 8.37 (dd, J = 6.9, 3.2 Hz, 4H, ArH).
The values in the literature and the 1H NMR data conrmed.24

Synthesis of 9,10-bis-(aminomethyl)anthracene 6

A solution of hexamethylenetetramine (2.03 mmol, 0.2848 g) in
anhydrous chloroform (10 mL) was mixed dropwise with 10-
bromomethylanthracene 5 (1.02 mmol, 0.37 g) in anhydrous
chloroform (15 mL). Reux was applied to the reaction mixture
for 5 hours. Aer a while, the precipitate was obtained and
cleaned with water. A solution of strong hydrochloric acid,
ethanol, and water (5 : 20 : 4) was mixed with the resultant solid.
The reaction mixture was brought at 70 °C overnight. Aer one
hour, the resultant precipitate re-precipitated out of solution
aer rst dissolving. The resultant precipitate was gathered,
mixed with 10% potassium bicarbonate (20 mL), and then
27778 | RSC Adv., 2025, 15, 27772–27781
extracted twice into 20 mL of chloroform. The organic layer was
reduced in vacuo and dried with magnesium sulfate to provide
0.19 g of the light brown solid in 80% yield as compound 6. M.p.
234–236 °C (Lit. 238 °C);22 1H NMR (300 MHz, DMSO-d6): d 4.69
(s, 4H, 2× CH2), 7.58 (dd, J = 7.0, 3.2 Hz, 4H, ArH), 8.47 (dd, J =
6.8, 3.2 Hz, 4H, ArH). The values in the literature and the 1H
NMR results agreed.24

Synthesis of N,N0-(anthracene-9,10-diylbis(methylene))bis(2-
(2-acetamidophenyl)-2-oxoacetamide) 8

Compound 9,10-diaminomethylanthracene 6 (0.66 mmol, 0.16
g) was added to an agitated N-acetylisatin 7 solution
(1.32 mmol, 0.25 g) in toluene (30 mL). The reaction mixture
was heated for 24 hours at reux. A greenish solid 8 (0.22 g) was
obtained by re-crystallizing the precipitate from methanol in
55% yield. M.p. 280–282 °C; UV(DMSO): lmax 262 (3 218
174 cm−1 M−1), 341 (31 300), 358 (33 800), 337 (38 500), 339 (36
450); IR (KBr): nmax 3275, 3071, 2923, 1694, 1644, 1608, 1584,
1527, 1449, 1365, 1321, 1283, 1205, 1130, 1031, 954, 864,
752 cm−1; 1H NMR (300 MHz, DMSO-d6): d 1.99 (s, 6H, COCH3),
5.53 (d, J = 5.3 Hz, 4H, 2 × CH2NHCO), 7.14–7.19 (m, 2H, ArH),
7.60–7.72 (m, 8H, ArH), 8.14 (dd, J = 8.4, 0.7 Hz, 2H, ArH), 8.59
(dd, J= 6.9, 3.3 Hz, 4H, ArH), 9.32 (t, J= 5.3 Hz, 1H, 1×NHCO),
10.66 (s, 1H, 1× NHCO); 13C NMR (75 MHz, DMSO-d6): d 24.7 (2
× COC H3), 35.5, 121.4 (2 × C H2NHCO), 122.0, 130.3, 130.5,
139.9 (10 × ArC), 123.6, 125.6, 126.6, 132.8, 135.4 (16 × ArCH),
164.8, 169.5, 193.1 (6 × C]O); HRMS (ESI) m/z calculated for
C36H30N4O6Na (M + Na)+ 637.2048. Found 637.2058; anal. calcd.
for C36H30N4O6: C, 70.35; H, 4.92; N, 9.12. Found: C, 70.24; H,
4.96; N, 8.85%.

Studies of anion recognition by NMR, UV-Vis, and
uorescence spectroscopy

Titration studies were carried out by gradually adding a stan-
dard solution containing compound 8 and an anion (as its
tetrabutylammonium salt) in order to maintain the concentra-
tion of compound 8 constant. The anion used was F−, Cl−, Br−,
CN−, H2PO4

−, NO2
−, ClO4

−, HSO4
−, or HPO4

2−. Using a Bruker
AVANCE DPX300 (300 MHz) spectrometer was used to obtain
NMR spectra. A Varian Cary 100 Scan spectrometer was used to
record ultraviolet-visible spectra. A Cary Eclipse Fluorescence
spectrometer was used to get uorescence spectra.

Studies of anion recognition by computational modelling

The anthracence-bis-N-acetylglyoxylic amide 8 was fully relaxed.
Initial optimization was performed using the B3LYP level of
DFT with the 6-31G(d) basis set, followed by renement at the
B2PLYPD3/6-31+G(d,p) level to better capture interactions with
anionic species and include solvation effects in the calculations.
To ensure the structure has the lowest energy once optimized
structure is found, a conformational search of the derivate
structure was done around 0–180° in 18 steps of 10. The proper
and lowest energy of the conformed structure is then reopti-
mized until the calculation convergent. Complete optimization
has also been performed for certain selected minima to locate
the actual minimum on the potential energy surface. The lowest
© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy state is veried by the occurrence of zero imaginary
frequencies. The TDDFT was employed to observed the electron
excitation of the lowest energy structure. All quantum chemical
computations were solved using Gaussian 16.37

The physical adsorption of anions onto the adsorbent
surface occurs via weak interactions like electrostatic forces,
hydrogen bonding, hydrophobic effects, and van der Waals
attractions. For proteins, the anions are attracted to positively
charged areas on the surface. Here, the interaction involving the
F− anion was suggested to occur near the positively charged
surface region of the molecule.38,39 The reaction involving the F−

anion was suggested to occur near the positively charged
surface region of the molecule. The interaction between
modeled structures and the anion was facilitated by placing the
anion near the amide group, which has a more positively
charged hydrogen atom. There were two similar potential sites;
only one was chosen to represent the interaction with the anion.
The molecular structure was optimized using a method similar
to those used before the interaction. The atomic Mulliken
charge, natural bond orbital (NBO) analysis,40 and reduced
density gradient (RDG) of the Non-Covalent Interaction analysis
(NCI) method were utilized to examine the correlation between
the interaction and electronic properties of the corresponding
compound with the F− anion.

Dispersion corrections are crucial for highly conjugated
molecules, such as graphene and graphite, and for large, ex-
ible structures. For less conjugated molecules, the energy
discrepancies without dispersion corrections remain accept-
able. The optimized geometries and electronic properties of
anthracene derivatives, computed using the B3LYP functional
with the appropriate basis set, align well with experimental
data. This has been extensively explored in prior studies, where
anthracene and its derivatives were modeled using DFT,
particularly with the B3LYP method.41–45
Conclusions

The anthracene-bis-N-acetylglyoxylic amide anthracene 8 was
obtained by reacting the 9,10-diaminomethylanthracene and N-
acetylisatin. Compound 8 exhibited a selective recognition for
CN−, F−, and H2PO4

−. Compound 8 and H2PO4
− formed

a complex by intermolecular hydrogen bonding linkages. The
addition of these anions resulted in increase in uorescence
intensity, which was explained by intramolecular proton
transfer in compound 8. The DFT investigation reveals that the
interaction occurs through the hydrogen atom of the acetyl-
glyoxylic and an anion F−. The non-covalent type interaction is
dominant based on its electronic properties, which is further
supported by the NCI analysis. The results of our studies
contribute an important insight into the anion recognition by
glyoxylic amide receptor bearing anthracene uorescence
subunit. Beyond fundamental insight, these ndings suggest
promising applications for compound 8 in anion sensing in
industrial wastewater, where CN− and F− contamination is
a concern, and potentially in intracellular anion imaging, given
the uorescence enhancement mechanism. Future
© 2025 The Author(s). Published by the Royal Society of Chemistry
development of this receptor for real-world matrices could
broaden its relevance in environmental and biomedical
contexts.
Author contributions

VS performed the synthesis and spectroscopic characterization,
conceived the study, contributed to data interpretation, and
nalized the manuscript. HAS performed the synthesis and
spectroscopic characterization, and draed the initial manu-
script. YH contributed to computational (DFT) studies, data
analysis, and interpretation of molecular interaction results. DB
provided conceptual guidance, critical revisions, and scientic
advice throughout the project. NK assisted in experimental
design, contributed to spectroscopic data interpretation, and
helped revise the manuscript. All authors reviewed and
approved the nal manuscript.
Conflicts of interest

There are no conicts to declare.
Data availability

The datasets supporting the ndings of this study, including
raw data, processed data, and supplementary materials, can be
obtained from the corresponding author upon reasonable
request.
Acknowledgements

The authors would like to thank the Indonesian Endowment
Fund for Education Agency (LPDP) under the DAPT Equity
Program of Universitas Sebelas Maret 2023/2024 with contract
number: 3272.1/UN27.22/PT.01.03/2023.
References

1 L. K. Macreadie, A. M. Gilchrist, D. A. McNaughton,
W. G. Ryder, M. Fares and P. A. Gale, Progress in anion
receptor chemistry, Chem, 2022, 8, 46–118.

2 L. Chen, S. N. Berry, X. Wu, E. N. W. Howe and P. A. Gale,
Advances in anion receptor chemistry, Chem, 2020, 6, 61–
141.

3 G. Picci, R. Montis, V. Lippolis and C. Caltagirone,
Quaramide-based receptors in anion supramolecular
chemistry: insights into anion binding, sensing, transport
and extraction, Chem. Soc. Rev., 2024, 53, 3952–3975.

4 R. Plais, G. Clavier, J. Y. Salpin, A. Gaucher and D. Prim,
Anion-p interaction for molecular recognition of anions:
focus on cooperativity with hydrogen bonding, Eur. J. Org.
Chem., 2023, 26, e202201281.
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