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n-derived Schiff base gelators:
aggregation and sensing of CN−, Fe3+, Cu2+ and
CO2 under different conditions†

Eshani Paul, Rameez Raza, Subrata Ranjan Dhara, Nabajyoti Baildya
and Kumaresh Ghosh *

Herein, we report the synthesis, characterization, supramolecular gelation and multiple applications of 6-

aminocoumarin-derived Schiff bases 1 and 2. Both Schiff bases underwent gelation in DMF–H2O (2 : 1, v/

v), DMSO–H2O (2 : 1, v/v) and dioxane–H2O (2 : 1, v/v) involving weak forces. Furthermore, the gels were

stable and exhibited good viscoelastic properties. The storage modulus (G0) of each gel was considerably

higher than its loss modulus (G00). The higher value of the crossover point and lower value of tan d for the

gel of Schiff base 2 compared to the gel of Schiff base 1 demonstrated the better gelation behaviour of 2

than that of 1 in DMF–H2O (2 : 1, v/v). Further, iodo-analogue 2 exhibited cross-linked helical

morphology, whereas non-iodo analogue 1 exhibited long chain fibrous morphology, as observed via

FESEM. These differences in morphology and viscoelastic behaviors were attributed to the iodo group

present in 2, which influenced its aggregation involving halogen bonding. To demonstrate their

application, the DMF–H2O (2 : 1, v/v) gels of both 1 and 2 recognized CN− over a series of other anions

by exhibiting a gel-to-sol phase change. Besides anion sensing, gels 1 and 2 selectively detected Fe3+

and Cu2+ ions over other metal ions via a gel-to-gel colour change. Finally, CN−-treated solutions of 1

and 2 allowed the successful detection of CO2 by the naked eye. Moreover, the detection was possible

using a test-kit method.
Introduction

The design and synthesis of multiple application-based low
molecular weight Schiff base gelators and their structural
tuning by introducing new functional groups are of contem-
porary interest in supramolecular chemistry.1 Owing to the
dynamic reversibility of imine bonds and their potential for
metal coordination, Schiff base gelators represent a particular
type of unique and versatile gel-forming assembly building
blocks.2 This allows the corresponding gel to be highly
responsive to various external triggers, such as pH,3 metal
cations,4 and anions.5 Consequently, supramolecular gels con-
structed from Schiff base compounds show tremendous
promise for ion detection,6 catalysis,7 optical emissions,8 etc.

Similar to other supramolecular gelators, Schiff base gelators
show aggregation via weak interactions such as hydrogen
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bonding, electrostatic interactions, hydrophobic, and p–p

stacking interactions or their combination.9

Among the different types of non-covalent interactions,
halogen bonding10 as an equivalent to hydrogen bonding11 oen
plays a major or minor role during aggregation depending on
the position of the halogen group in the structure. Thus,
halogen bonding-induced supramolecular assembly has
recently gained interest because of its unique features and
prospective.12

However, despite the remarkable work on Schiff base gela-
tors of different architectures,13 the use of a coumarin motif in
this capacity is less explored. Importantly, coumarin for its
optical properties has been widely used for recognition of ions
in solution.14 Alternatively, exploitation of this motif in gel-
phase sensing of ions is scarce. Especially, the 6-
aminocoumarin-based Schiff base and its possible applications
are unknown in supramolecular gelation. In a report by M. K.
Paul et al., they investigated the liquid crystal properties of
some 6-aminocoumarin-derived Schiff bases and examined
their zinc-complexing behavior. In addition, they noted their
gelation properties on modifying the alkoxy chains of the
compounds.15

In continuation of our work on the recognition and sensing
of ions in solution and gel states, herein we report the synthesis
of 6-aminocoumarin-based Schiff bases 1 and 2 (Fig. 1), which
RSC Adv., 2024, 14, 32759–32770 | 32759
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Fig. 1 Structures of compounds 1 and 2.

Scheme 1 (i) (a) HNO3 : H2SO4 (1 : 3, v/v), stirring, rt, 1 h, (b) Fe-powder,
NH4Cl, H2O, reflux, 2–3 h; (ii) NIS (N-iodosuccinimide), dry CH2Cl2, rt,
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undergo gelation in DMF–H2O (2 : 1, v/v), DMSO–H2O (2 : 1, v/v)
and dioxane–H2O (2 : 1, v/v). Compound 2 was considered in
this study to understand the role of halogen bonding in its
aggregation. The rheological experiments showed that the
viscoelastic characteristics of the gels of 1 and 2 differed
signicantly. During aggregation, compounds 1 and 2 followed
different patterns of molecular packing, as reected in their
FESEM images. These different properties were attributed to the
role of iodine in the weak halogen bonding. The gels in DMF :
H2O (2 : 1, v/v) were stimuli responsive and selective for CN−

ions among other anions studied. Besides anion sensing, gels 1
and 2 exhibited selective responses to Fe3+ and Cu2+ ions among
other metal ions, resulting in a gel-to-gel colour change. As an
extension of their application, CN−-treated DMF–H2O (2 : 1, v/v)
solutions of 1 and 2 detected CO2 through a colour change. The
test-kit detection boosts this investigation. Furthermore, the
optical properties of the Schiff bases changed with the pH of the
medium.

CN− recognition has attracted attention because of its
importance in biology and the environment. It is exceedingly
poisonous and detrimental to both human health and the
environment.16 Thus, for the gel-phase recognition of this ion,
the different interactional properties of CN− include nucleo-
philic attack on a reactive functional group in a molecule or on
a metal centre in a metal–ligand complex, as well as participa-
tion in H-bonding, followed by deprotonation.17

Besides CN− sensing, the detection of physiologically and
environmentally relevant transition metal ions is a major
concern in analytical chemistry.18 Among the different transi-
tion metal ions, Cu2+ and Fe3+ are two necessary trace metal
ions found in the human body. Their balance in the body is
essential.19 A shortage of iron in the body leads to anaemia, liver
damage, Alzheimer's and Parkinson's disease, etc.20 Similarly,
excessive levels of Cu2+ produce oxidative stress and problems
linked to neuro degenerative illnesses such as Alzheimer's,
Wilson's, and Menke's disease.21 Thus, a simple and effective
method for the detection of Fe3+ and Cu2+ ions, particularly in
a sol–gel medium, has attracted attention.

Besides ion sensing, the recognition of CO2 as a neutral
molecule has attracted attention given that it plays an impor-
tant role in human physiology. Also, it has impact on agricul-
ture, food, and chemical industries.22 The selective and quick
colorimetric detection of this neutral gaseous molecule by
employing an anion-responsive synthetic compound, which has
been infrequently reported in the literature, is commendable in
recognition chemistry.23
32760 | RSC Adv., 2024, 14, 32759–32770
Results and discussion
Synthesis

Compounds 1 and 2 were synthesised according to Scheme 1. 6-
Aminocoumarin 3 and 7-iodo-6-aminocoumarin 4, which were
prepared from coumarin according to the reported procedures,
were reacted with pyridyl-azo salicylaldehyde 5 in dry MeOH at
room temperature to give compounds 1 and 2 in reasonable
yields, respectively. Both 1 and 2 were characterized by 1H, 13C
NMR and mass spectral analyses.

Gelation and gel characterization

Although coumarin was employed in the designs due to its
excellent optical characteristics, a 3-pyridylazo salicylaldehyde
unit was used to aid solvent gelation. Thus, to test the gelation
abilities of compounds 1 and 2, various solvents with different
polarities were selected. Table S1† summarizes the details of the
gel study including the minimum gelation concentration (MGC)
and Tg (gel-to-sol transition temperature) values. Both 1 and 2
were gelled in the same solvent combination. Gel formation was
not observed in benzenoid or semi-aqueous solvents. However,
they were stable and thermo-reversible (Fig. S1†). The gels
exhibited different Tg andMGC values (Table S1†). Compound 1
produced a gel at a somewhat lower MGC compared to
compound 2 (Table S1†). This emphasized the better gelation
propensity of 1 over 2, which was attributed to the size factor or
some dipole–dipole interaction of the iodo group in structure 2.

However, the effect of the iodo group in gelator 2 with
respect to gelator 1 was comprehensible from the viscoelastic
properties of the gels prepared in DMF–H2O (2 : 1, v/v). In the
frequency sweep experiment, the storage modulus (G0) of the
gels was observed to be higher than the loss modulus (G00),
reecting the true nature of the gels (Fig. 2). Further, the
amplitude sweep experiments of the gels in DMF–H2O (2 : 1, v/v)
were performed at a constant frequency of 1 Hz. To compare the
viscoelastic properties of the gels of 1 and 2, rheological data
were acquired using freshly prepared gels at their minimum
gelation concentrations and identical concentrations (6 mg
mL−1) (Fig. 2 and Table 1). The analysis revealed that the critical
strain of the DMF–H2O (2 : 1, v/v) gel of 2 was greater than that
of the gel of 1. This corroborates that the gel of 2 had higher
mechanical strength than that of the gel of 1.
stirring, 12 h; and (iii) MeOH, rt, stirring, 2 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rheology study of the gels of 1 and 2: (a and c) amplitude sweep
(at a constant frequency of 1 Hz) and (b and d) frequency sweep (at
a constant 0.01% strain) experiments. Gels were prepared in DMF–H2O
(2 : 1, v/v) at the MGC [MGC= 5 mgmL−1, i.e., c= 1.35× 10−2 M for gel
of 1 and MGC= 6mgmL−1, i.e., c= 1.20× 10−2 M for gel of 2], and the
experiments were carried out at 25 °C. Rheology study of the gel of 1 at
the MGC of 2 [MGC = 6 mg mL−1, c = 1.62 × 10−2 M]: (e) amplitude
sweep (at a constant frequency of 1 Hz) and (f) frequency sweep (at
constant 0.01% strain) experiments.

Fig. 3 FESEM images of the gels of 1 (a and b), 2 (c and d) and mixture
of 1 and 2 (e and f) in DMF–H2O (2 : 1, v/v) [c= 1.35× 10−2 M (for gel of

−2
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Similar observations were found at the crossover point. The
crossover point of the DMF–H2O (2 : 1, v/v) gel of 2 was 3 times
higher than that of the gel of 1 in the same solvent. This result
indicates that the gel of 2 bears a greater resistance to any
change in momentum of a gel medium (Fig. 2 and Table 1).
However, in the study, an increase in the gelation concentration
increased the crossover point. In this context, the crossover
point for the gel of 1 in DMF–H2O (2 : 1, v/v) was enhanced when
the gelation concentration of 1 changed from 5 mg mL−1 to
6 mg mL−1 (Fig. 2 and Table 1). At the same concentration of
gels, the crossover point in the amplitude sweep study for the
gel of 2 was still signicantly higher than that of the gel of 1.
Further, the lower tan d of gel of 2 over the gel of 1 demonstrated
the better gelation behaviour of 2 in DMF–H2O (2 : 1, v/v) (Fig. 2
and Table 1). It was further noted that the crossover point and
gel strength could be modulated on mixing the gels of 1 and 2.
Table 1 Summary of the rheological properties of the gels of 1 and 2 pr

Compound Critical strain (%) Crossover (% stra

1 (5 mg mL−1) 0.42 7.83
2 (6 mg mL−1) 2.37 22.25
1 (6 mg mL−1) 0.76 10.11

a G
0
av and G

00
av values were calculated from frequency sweep data.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In this event, the gel obtained from the mixing of gelators 1 and
2 in DMF–H2O (2 : 1, v/v) resulted in a crossover point lying
between the crossover points of the pristine gels of 1 and 2
(Fig. S2 and Table S2†).

However, the dissimilarity in rheological behaviour between
the gels 1 and 2 is attributed to the different packing patterns of
the gelators during their aggregation. The iodo group in the
backbone of 2may exhibit halogen bonding during aggregation.
To gain further insight into the mode of aggregation and iodo
effect, we tried to get the crystal structures of 1 and 2, but we
failed. However, the FESEM images of the gels revealed their
different morphologies. Although the aggregation of molecules
of 1 led to a long chain brous morphology, iodo-analogue 2
possessed a cross-linked helical morphology. This is believed to
be due to the halogen-bonding role in gelator 2, which inu-
enced its aggregation pattern. The gel prepared from mixing 1
and 2 possessed a highly cross-linked network morphology
(Fig. 3e and f). In describing the brous morphology of the gels,
role of H-bonding and p-stacking interactions during their
aggregation cannot be ignored and it is believed that these weak
forces introduced stiffness in the gels.

The comparison of the absorption and uorescence spectra
of 1 and 2 in the solution and gel states also supported their
aggregation (Fig. 4). In solution, the strong absorption at
380 nm for 1 in DMF–H2O (2 : 1, v/v) was blue-shied to 335 nm
epared in DMF–H2O (2 : 1, v/v)a

in) G
0
av (Pa)* G

00
av (Pa)* tan d ðG00

av=G
0
avÞ

51 556 8030 0.155
12 656 1559 0.12
58 164 8143 0.14

1) and c = 1.20 × 10 M (for gel of 2)].

RSC Adv., 2024, 14, 32759–32770 | 32761
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Fig. 4 Comparison of (a and b) normalized UV-vis and (c and d)
fluorescence spectra (l = 380 nm) of 1 and 2 in the solution (c = 2.5 ×

10−5 M) and DMF : H2O (2 : 1, v/v) gel states [c = 1.35 × 10−2 M (for gel
of 1) and c = 1.20 × 10−2 M (for gel of 2)].

Fig. 5 Optimized geometries of (a) 1, (b) 1-aggregation, (c) electronic
transition of 1, (d) electronic transition of aggregated form of 1, (e) UV-
vis of (a) and (b), and (f) electrostatic potential surface of aggregated
form of 1.

Fig. 6 Optimized geometries of (a) 2, (b) 2-aggregation, (c) electronic
transition of 2, (d) electronic transition of aggregated form of 2, (e) UV-
vis of (a) and (b), and (f) electrostatic potential surface of aggregated
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in the gel state, whereas the absorption peak at 380 nm in
compound 2 in solution was shied to 345 nm in the gel state.
This blue-shi in the absorption bands indicated H-type
aggregation.24 In the uorescence spectrum, the emission of 1
at 547 nm in DMF–H2O (2 : 1, v/v) solution moved to 471 nm
with a signicant reduction in its intensity in the gel state.
Similarly, the emission of 2 at 532 nm in DMF–H2O (2 : 1, v/v)
shied to 460 nm in the gel state with a decrease in intensity
(Fig. 4). The quenching of emission in both gels corroborated
the aggregation-caused quenching event.25

To understand the role of the functional groups in aggre-
gation, we recorded the FT-IR spectra of the gels but failed to
reach a conclusion (Fig. S3 and S4†). In the case of 1, the
stretching signals at 1714 cm−1 (lactone carbonyl) and
1623 cm−1 (imine) were difficult to analyze due to the interfer-
ence from the amide signal of DMF, which was inherently
present in the gel (Fig. S3†). This was also the case for the gel of
2 (Fig. S4†). The amide carbonyl of DMF, appearing as broad
signal at 1668 cm−1, obscured the stretching of the lactone and
imine functionalities of the compounds (Fig. S3 and S4†).

A theoretical study was performed to realize the mode of
aggregation and inuence of iodine in this event. The aggre-
gation of 1 at the atomistic level was calculated by DFT simu-
lations.26 Fig. 5a and b present the optimized geometries of 1
and its aggregation, respectively. In the process of aggregation,
the water molecule plays an important role. Fig. 5c and
d present the electronic transitions of 1 in the solution and
aggregated states, respectively. Although the electronic transi-
tion H-2 / L with lmax at 369 nm (expt. 380 nm) was observed
in solution, a blue shied lmax at 341 nm (expt. 335 nm) for the
H / L transition was detected in the aggregated state. In this
regard, Fig. 5e represents the UV-vis spectra of 1 in solution and
in the aggregated states. Fig. 5f represents the electrostatic
potential surface (EPS) of the aggregated form of 1. The active
site is shown by red colour.

The aggregation pattern of iodo-analogue 2 was very similar
to that of 1. Fig. 6a and b represent the optimized geometries of
2 and its aggregated form, respectively. Similar to 1, here water
32762 | RSC Adv., 2024, 14, 32759–32770
molecules also control the aggregation. The hydrogen-bonded
water in the aggregate is further involved in halogen bonding
with iodine. This highlighted the different aggregation pattern
of 2 from 1. Fig. 6c and d present the electronic transitions of 2
in the solution and aggregated states, respectively. In solution,
the H / L electronic transition corresponds to lmax at 374 nm
(exp. 380 nm). In the aggregated state, it was blue-shied to
343 nm (exp. 345 nm). Fig. 6e presents the theoretical UV-vis
spectra of 2 in the solution and aggregated states. Fig. 6f pres-
ents the electrostatic potential surface (EPS) of the aggregated
form of 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Change in the DMF–H2O (2 : 1, v/v) gels of 1 and 2 [c = 1.35 ×

10−2 M (for gel of 1) and c = 1.20 × 10−2 M (for gel of 2)] upon the
addition of 1 equiv. amount of different anions (as tetrabutylammo-
nium salt) after 10 min [from left to right] (a) NO3

−, (b) F−, (c) AcO−, (d)
H2PO4

−, (e) Cl−, (f) Br−, (g) I−, (h) HSO4
− and (i) CN−.

Fig. 8 Change in UV-vis spectra of 1 [c = 2.50 × 10−5 M] upon the
addition of (a) CN−, (c) F− and (e) HSO4

− [c= 1.0× 10−3 M] up to their 5
equiv. amounts in DMF–H2O (2 : 1, v/v). Change in UV-vis spectra of 2
[c = 2.50 × 10−5 M] upon the addition of (b) CN−, (d) F− and (f) HSO4

−

[c= 1.0 × 10−3 M] up to their 8 equiv. amounts in DMF–H2O (2 : 1, v/v).
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form of 2. The active site differs from 1 and indicates the
different aggregation pattern of 2. Thus, the presence of iodine
in 2 has a denite role in the packing of the molecules during
their aggregation, resulting in differences in the rheology and
morphology between the gels of 2 and 1.

Effect of pH on gels and solutions

The effect of pH on the solution and gel states of compounds 1
and 2 was studied. The solutions and gels were prepared in
DMF–H2O (2 : 1, v/v; prepared using HEPES buffer, 10 mM) at
different pH values (Fig. S5 and S6,† respectively). Importantly,
stable gels were obtained in a wide range of pH 2.6 to pH 8.
Above pH 8, the gels were gradually disrupted and became
a clear solution at pH 13.8 for 2 although under this condition
there was some sticky mass in 1. This dissimilar behaviour was
assumed to be due to the different acidic characters of the
compounds.

In solution, both 1 and 2 showed different behaviours with
a change in pH. Compound 2 displayed color above pH 5,
whereas compound 1 produced a light brown color at pH 5. This
was due to the ionization of phenol to phenoxide at different
pH. At basic pH, solutions of 1 and 2 became orange red due to
the charge transfer from the phenoxide ion to the pyridine ring.
UV-vis spectra were recorded for the solutions of 1 and 2 at
different pH values. Although both compounds showed
absorption below 350 nm at acidic pH, their absorption
appeared above 350 nm at neutral and basic pH (Fig. S7†). Using
the absorption data, the pKa values of 1 and 2 were determined
to be 5.88 and 6.10, respectively (Fig. S8†).27 The pH study
revealed that both compounds can be used for sensing in a wide
pH range.

CN− recognition

Owing to the presence of phenolic –OH and imine groups in the
compounds, we intended to investigate their anion-responsive
behavior. It was thought that compounds 1 and 2 should
interact with anions either through H-bonding or deprotona-
tion, followed by H-bonding. The interaction may also occur
through a nucleophilic addition to the imine bond. There was
also interest in learning if there was anion binding dissimilarity
for 2 due to the iodo group in its structure, which caused the
microstructure and viscoelastic characteristics of its gel to differ
from that of 1. Thus, the DMF–H2O (2 : 1, v/v) gels of 1 and 2
were carefully explored for anion recognition.

To test the anion-responsive behavior of the gels, either the
gels were treated with anions or the formation of the gels was
observed in the presence of anions. The gels of 1 and 2 showed
different results in the presence of tetrabutylammonium salts of
anions such as CN−, F−, AcO−, H2PO4

−, Cl−, Br−, I−, NO3
− and

HSO4
− (Fig. 7). Breaking of the gels to a sol only occurred in the

presence of CN− ions presumably due to either deprotonation
of the phenolic –OH or nucleophilic attack of CN− to imine
bond in the structures. Other anions (F−, AcO−, H2PO4

−, Cl−,
Br−, I−, NO3

− and HSO4
−) were unable to cause a either color or

phase change in the gels. In this case, CN− behaved differently
from F− due to the presence of water in the gelling solvent,
© 2024 The Author(s). Published by the Royal Society of Chemistry
which hydrated F− more strongly than CN−. Thus, both gels
were sensitive and selective to CN− among the different tested
anions. To evaluate the sensitivity of the gels to CN−, it was
found that the gels started to disintegrate upon the addition of
0.5 equiv. of CN− and became a clear solution in the presence of
1 equiv. of CN−.

However, to check the anion binding in solution, UV-vis and
uorescence titrations of 1 and 2 [c = 2.50 × 10−5 M] were
performed in DMF–H2O (2 : 1, v/v) with the above-mentioned
anions (c = 1.0 × 10−3 M) (Fig. 8). In DMF–H2O (2 : 1, v/v),
anions such as CN−, F− and HSO4

− resulted in noticeable
changes in the UV-vis spectra. Other anions such as AcO−, Cl−,
RSC Adv., 2024, 14, 32759–32770 | 32763
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Br−, I−, H2PO4
− and NO3

− were non-interacting under identical
conditions. In the spectrum of 1, the absorption band at 380 nm
in DMF–H2O (2 : 1, v/v) shied to 405 nm with a gradual
increase in intensity during titration with CN− ions, resulting in
an isosbestic point at 380 nm (Fig. 8a). The spectral change was
constant until the addition of 5 equiv. of CN− ions. A similar
change was observed for 2 with CN− ions, where the increase in
absorption intensity at 405 nm became saturated on the addi-
tion of 8 equiv. of CN− ions (Fig. 8b). The CN−-induced red shi
in the absorption peak was due to the deprotonation of the
phenolic –OH and subsequent delocalization of the charge on
the oxygen atom to the pyridyl and coumarin moieties.

The highly basic F− anion acted weakly on compounds 1 and
2 due to its greater hydration than CN− in aqueous organic
solvent (Fig. 8c and d), respectively. However, the HSO4

− anion
caused a greater change in the absorption spectra during
titration. The absorption peak at 375–380 nm for both 1 and 2
shied to a lower wavelength (345 nm) with an increase in
intensity, leading to sharp isosbestic points. These changes in
absorption spectra were distinct from other anions.

The interactions of 1 and 2 with CN−, F− and HSO4
− were 1 :

1, as conrmed by the Benesi–Hildebrand plots (Fig. S9†).28 The
detection limits29 for CN−, F− and HSO4

− were in the range of
∼10−4 M for both compounds 1 and 2, which are signicant in
anion sensing (Fig. S9†). In the case of CN−, the detection limits
for 1 and 2 were estimated to be 1.23 × 10−4 M and 1.98 ×

10−4 M, respectively.
During their interaction, anion-induced deprotonation was

conrmed upon the addition of water to the CN−– and F−-
treated solutions of 1 and 2. The addition of water to the CN−–
and F−-containing solutions of 1 and 2 caused different changes
in their UV-vis spectra. Although in the presence of water the
original absorption spectra of 1 and 2 were retrieved from F−-
containing solutions with a small decrease in intensity, the
CN−-containing solutions under similar conditions behaved
differently. The CN−-induced red-shied absorptions in 1 and 2
decreased considerably without showing their original absorp-
tion spectra (Fig. S10†). This different behaviour of CN− was
assumed to be due to its participation in deprotonation as well
as nucleophilic attack to the imine groups, followed by depro-
tonation of the phenolic –OH. In the case of HSO4

−, the original
spectra were not restored, which conrmed its different inter-
actional mode from CN− and F− (Fig. S11†). HSO4

− is believed
to be involved in H-bonding complexation in the imino-phenol
cle either as HSO4

− or SO4
2− via protonation of the pyridine

ring. Fig. 9 represents the different modes of interaction of CN−,
Fig. 9 Different modes of interaction of F−, CN− and HSO4
− (counter

cation: tetrabutylammonium ion) with 1 and 2.

32764 | RSC Adv., 2024, 14, 32759–32770
F− and HSO4
− with compounds 1 and 2. In the uorescence

study, no distinguishable change in the emission spectra of 1
and 2 was observed upon the addition of the anions studied
(Fig. S12†).

The deprotonation, nucleophilic attack and H-bonding
phenomena, as shown in Fig. 9, were nally understood from
the 1H NMR study (Fig. S13, S14, S16, S17 and S18†). The signals
for phenolic –OH in 1 and 2 were invisible in the presence of
CN− ions due to their deprotonation. In addition, attack of CN−

to the imine groups in 1 and 2 made the spectra complex to
analyse. The appearance of a signal in the range of 5.27–
5.86 ppm was ascribed to the CN− attack to the imine groups.
The mass spectra of 1 and 2 in the presence of CN− revealed the
characteristic peaks at m/z = 396.1163 and 522.0378 for (1 +
CN−–H+) and for (2 + CN−–H+), respectively. These results
conrmed the formation of CN−-adducts through nucleophilic
attack of CN− to the imine bonds (Fig. S19†). The situation was
different for the F− ion, where only deprotonation of the
phenolic –OH, followed by hydrogen bonding at a low concen-
tration of F− occurred, although the signal at ∼16–17 ppm for
HF2

− was not found due to signicant broadening (Fig. S14†).30

Alternatively, the signals of phenolic –OH for 1 and 2 became
broad in the presence of the HSO4

− ion due to the H-bonding
instead of deprotonation (Fig. S15 and S18†), respectively. The
signal for the –OH proton in 2 showed a downeld chemical
shi of 0.05 ppm upon interaction with HSO4

− (Fig. S18†).
Cu2+ and Fe3+ ion recognition

The metal ion-responsive behaviour of the DMF–H2O (2 : 1, v/v)
gels of 1 and 2 (prepared at their MGC values) was examined on
treatment with 1 equiv. of different metal ions (Fe2+ was used as
a sulphate salt and other metal ions as perchlorate salts, c = 0.5
M). The gel states were intact in the presence of all the tested
metal ions. Aer 10–15min, the colour of the gels changed from
orange yellow to blackish brown only in the presence of Fe3+ and
Cu2+ ions. Other metal ions, under identical conditions,
remained silent (Fig. 10a). In this case, the selective color
change of the gels is thought to be caused by the charge delo-
calization from the phenolate oxygen to the pyridyl azo group of
1 and 2 following complexation with Cu2+ and Fe3+ at the imino-
phenol moiety of the gelators. Interestingly, this gel-to-gel color
transition started at different lower concentrations of Fe3+ and
Cu2+ ions (Fig. S20†). This study indicates the sensitivity of the
gels to Fe3+ and Cu2+ ions.

However, the addition of TBAF to the Fe3+-induced gels of 1
and 2 resulted in the complete restoration of their colour
(blackish brown to orange yellow). Similarly, on adding dodec-
anethiol to the Cu2+-induced gels of 1 and 2, the brown gels
turned orange yellow. Thus, the use of different chelating
species enabled us to discriminate Fe3+ from Cu2+ ions through
the gel-to-gel colour change (Fig. 10b). To establish the selective
interaction of Fe3+ ions over Fe2+ ions, we added Fe2+ ions to
both gels of 1 and 2 and no distinct colour change was observed.
When m-CPBA was added to the Fe2+-treated gels of 1 and 2,
a blackish brown colour appeared in the same way as Fe3+ ions
(Fig. S21 and S22†). However, the addition ofm-CPBA to the gels
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Photographs of the gel-to-gel color changes in gels 1 (5 mg
mL−1) and 2 (6 mg mL−1) in DMF–H2O (2 : 1, v/v) in the presence of 1
equiv. amount of different metal ions: [(i) Fe2+, (ii) Hg2+, (iii) Zn2+, (iv)
Fe3+, (v) Cd2+, (vi) Pb2+, (vii) Cu2+, (viii) Al3+, (ix) Ni2+, (x) Co2+, (xi) Ca2+

and (xii) Ag+ (in this study, Fe2+ was taken as a sulphate salt and other
metal ions were taken as perchlorate salts)]; (b) distinction between
Cu2+ and Fe3+ ions using the gels of 1 (left) and 2 (right) in DMF–H2O
(2 : 1, v/v).

Fig. 11 (a) Pictorial representation of the Cu2+-complex; (b) dihedral
angle between coumarin and the other part of the molecule; and (c)
supramolecular network of the complex involving halogen and H-
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of 1 and 2 did not show any colour change. This study was
useful for the distinction of Fe2+ from Fe3+ ions.6e

UV-vis and uorescence studies were performed to investi-
gate the solution phase interactions of 1 and 2 with the above-
mentioned metal ions. In this study, the metal ions were added
gradually up to 20 equiv. to solutions of 1 and 2 in DMF–H2O
(2 : 1, v/v). Importantly, there were no signicant and distin-
guishable changes in the absorption and emission spectra in
DMF–H2O (2 : 1, v/v) (Fig. S23 and S24†), respectively. In the
uorescence spectra, metal ions quenched the emission, and in
the case of 1, its emission was quenched more by Fe3+ ions than
the other metal ions. In comparison, this was not observed with
compound 2. The Stern–Volmer plots31 in Fig. S25† clearly
explain this. Thus, compounds 1 and 2 are suitable to recognize
Cu2+ and Fe3+ ions in the gel state rather than in the solution
phase. Although there was no selective recognition of metal ions
in solution, we performed the Jobs plot32 analysis for Cu2+ and
Fe3+ ions to understand their interactional properties with the
gelators in the gel state. Both metal ions had 2 : 1 (ligand : metal
ion) stoichiometric interactions with 1 and 2 (Fig. S26†). The
binding constant33 values for Cu2+ (compound 1: K11 = 4.25 ×

103 M−1, K21 = 1.89 × 104 M−1; compound 2: K11 = 7.12 × 103

M−1, K21 = 1.38 × 103 M−1) and Fe3+ (compound 1: K11 = 1.25 ×

105 M−1, K21 = 1.85 × 105 M−1, compound 2: K11 = 3.55 × 104

M−1, K21 = 1.69 × 105 M−1) were observed to be considerable
(Fig. S27†).

However, to acquire a better understanding of the interac-
tions of the compounds with Cu2+ and Fe3+, we attempted to
crystallize compounds 1 and 2 in their presence. We were only
successful in isolating crystals of 2 with Cu2+. The single-crystal
X-ray analysis revealed that it was crystallized in the triclinic P�1
space group (Table S3†). Its asymmetric unit contains one
© 2024 The Author(s). Published by the Royal Society of Chemistry
copper atom encircled by two molecules involving phenolic –

OH and imine nitrogen as the coordinating centres (Fig. 11a).
Two coumarins in its crystal are anti-periplanar, showing
a dihedral angle of 62.15° with the azo unit (Fig. 11b). In the
crystal packing, hydrogen and halogen bonds play important
roles. Molecules are connected to each other through these two
weak interactions, forming a supramolecular network (Fig. 11c).
Despite the presence of a pyridine ring, the halogen bonding
involving the pyridine ring nitrogen is absent in the network.
The iodine atom is bonded to coumarin via the ester oxygen,
showing a distance of 3.07 Å. In addition to this halogen bond,
C–H, para to the C–I bond of the coumarin unit of one molecule
is selectively involved in H-bonding with the phenol oxygen of
other molecule to form the assembly.

To understand the intermolecular interactions and the role
of halogen bonding, Hirshfeld surface (HS) analysis was carried
out on the Cu2+ complex of 2.34 This was done using one
molecular unit. The computed Hirshfeld surfaces (dnorm, shape
index, curvedness, and fragment patch) (Fig. S28†) and the
ngerprint plots (Fig. S29†) reveal the quantitative and quali-
tative contributions of the non-covalent interactions present in
the crystal system. The red, blue, and white colors in dnorm
indicate whether an interatomic distance is shorter, longer, or
equal to a van der Waals separation, respectively. Molecular
sculpting can be further illuminated chemically useful the
curvature parameters such as shape-index and curvedness. The
dark-blue boundaries in the shape index (Fig. S28†) emphasize
the high degree of curvature and demonstrate the atness of the
surface with “bumps and hollows”, which belong to blue and
red, respectively. The curvedness usually indicates large, at
green regions with dark-blue edges surrounding them. The
dnormmapped surface is shown in Fig. S28†with the red patches
near the oxygen atoms, indicating the presence of O/H/H/O
interactions. The O/H contact between the C–H hydrogen of
bond interactions.

RSC Adv., 2024, 14, 32759–32770 | 32765
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the aldehyde and carbonyl oxygen atoms is supported by the 2D
ngerprint plot (Fig. S29d†) as the major interaction (15.2%).
Additionally, the O/H/H/O hydrogen bonding interactions
show a sharp spike at (di = 1.30 Å, de = 0.90 Å) and (di = 0.90 Å,
de = 1.30 Å). Also, the red patches near the iodine atom indicate
the I/O/O/I interactions. The I/O interaction (3%) was also
supported by the 2D ngerprint plot in Fig. S29f† with a sharp
spike at (di = 1.80 Å, de = 1.30 Å) and (di = 1.30 Å, de = 1.80 Å).
The additional contribution to the HS comes from the C/H
(22.4%), N/H (13.4%) and I/H (5.3%) interactions.
Fig. 13 Pictorial representations for CO2 sensing via the test kit
method: invisible writing with CN− solution on the papers (a and e);
contact with DMF solutions of 1 and 2 (b and f); blowing of CO2 with
a syringe (c and g) and parching of N2 to remove CO2 (d and h).
CO2 detection

In another study, we used the anion-ensembles of 1 and 2 to
sense CO2. In this case, both compounds 1 and 2 were initially
treated with the anions, and then CO2 was bubbled in these
solutions. The changes were monitored by UV-vis. The absorp-
tion band at 405 nm decreased with the appearance of a peak at
375 nm when CO2 was bubbled in solutions of 1 and 2 [c = 2.50
× 10−5 M] in DMF–H2O (2 : 1, v/v) containing 5 equiv. and 8
equiv. of CN− (used as tetrabutylammonium salt; c= 1.0× 10−3

M), respectively (Fig. S27†). During the interaction, the faint
yellow solutions of 1 and 2, which became slightly deep in the
presence of CN−, turned into again light yellow on CO2

bubbling. However, when CO2 was removed from these solu-
tions through the bubbling of N2, the solutions became deep
yellow in colour. This bubbling of CO2 followed by parching of
N2 gas was continued 5 times, which conrmed the reversibility
of the interaction of the CN− ensembles of 1 and 2 with CO2

(Fig. 12).
Fig. 12 UV-vis titration spectra of the CN−-ensembles (a) 1 and (b) 2 [c
= 2.50 × 10−5 M] in DMF–H2O (2 : 1, v/v) upon bubbling of CO2

[ensembles were prepared by adding 6 equiv. and 8 equiv. of CN− ion
[c = 1 × 10−3 M] to solutions of 1 and 2, respectively]; (c) and (d)
highlight the respective color changes and comparative UV-vis spectra
of 1 and 2 with the addition of CN− followed by bubbling of CO2.

Scheme 2 Mechanism of the interaction of CO2 with anion-activated
compounds 1 and 2.

32766 | RSC Adv., 2024, 14, 32759–32770
The CN−-induced deprotonated forms of 1 and 2 that coexist
with CN−-adducts were reprotonated by HCO3

−, formed from
the reaction of CO2 with trace level of water and showed a color
change (Scheme 2). This is in accordance with the previous
observations.23 We successfully developed a paper test-kit for
the practical detection of CO2 (Fig. 13). In this method, a letter
was written on a paper using a CN− solution, prepared in DMF.
Then, it was treated with solutions of 1 and 2 in DMF. The
invisible letter became visible, whereas it vanished when CO2

was blown on it. The letter reappeared on keeping the paper
strip under N2 ash. This reversible process was repeated
several times, indicating the chemical stability of this paper
strip under the stimuli of CN− ions, CO2 and N2.
Conclusions

In summary, we synthesized 6-aminocoumarin-based Schiff
bases 1 and 2, which formed stable thermo-reversible gels in
different organic-aqueous mixture solvents. The gels exhibited
good elastic properties. The rheological study revealed that the
DMF–H2O (2 : 1, v/v) gel of 2 (iodo-analogue) had a higher
resistance value against external forces compared to the gel of 1
(non-iodo analogue). Iodo-analogue 2 showed a cross-linked
helical morphology, whereas non-iodo compound 1 showed
a long chain brous morphology. The gels were stable in a wide
pH range (2.6–8). Above pH 8, the gel of 2 started to disintegrate
and became a clear solution at pH 13.8, whereas under this
condition there was some sticky mass in 1. This difference in 2
from 1 is due to the halogen bonding role of iodine, which was
understood from theoretical study. This subtle effect of iodine
in aggregation to afford a mechanically strong gel is unknown
in 6-aminocoumarin-based structures. Concerning the iodo-
effect on the aggregation, only few examples having iodine-
containing triazoles are known in the literature.35a,b In the
majority of cases, the halogen bonding effect in supramolecular
gel formation focused on multi-component systems, where one
of them is iodoperuoroarene.35c
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05503a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 1
2:

46
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
To demonstrate their application, gels of 1 and 2, prepared
in DMF–H2O (2 : 1, v/v), were anion-responsive, showing a gel-
to-sol phase change selectively in the presence of CN−.
Compared to the gel state, there was no anion-binding selec-
tivity in solution, although HSO4

− showed different UV-vis
spectral features compared to F− and CN−. The considerable
changes in the absorption spectra of both compounds in the
presence of CN− are notable for its distinction from F−.

Besides anion-responsiveness, the gels of 1 and 2 recognized
Cu2+ and Fe3+ ions by showing a gel-to-gel colour change,
although no distinguishable feature of metal ion recognition
was observed in solution. The crystal structure analysis of the
copper complex of 2 revealed the impressive binding of Cu2+

and aggregation of the complex involving H-bonding and
halogen bonds. For the wide application of 1 and 2, anion-
activated solutions of 1 and 2 were explored for the naked-eye
detection of CO2. In this context, a test-kit for CO2 sensing
was developed. Thus, 6-aminocoumarin-based compounds 1
and 2 serve as excellent gelators, enabling the recognition of
CN−, Cu2+ and Fe3+ ions in the gel state and CO2 sensing with
good efficiency in solution.
Experimental
Materials and methods

All chemicals and reagents were purchased from Spectrochem,
India. The tetrabutylammonium (TBA) salts of the anions were
purchased from Sigma-Aldrich. The solvents used in the
synthesis were puried, dried and distilled before use. 1H and
13C NMR spectra were recorded using a Bruker 400 MHz
instrument. FTIR measurements of the compounds were
carried out using a Perkin-Elmer L120-00A spectrometer (nmax

in cm−1). Scanning electron microscopy (SEM) images were
obtained on an EVO LS-10 ZEISS instrument. Fluorescence and
UV-vis studies were performed using a Horiba Fluoromax 4C
spectrouorimeter and Shimadzu UV-2450 spectrophotometer,
respectively. Rheological studies were carried out with a Mal-
vern, KINEXUS Pro+ instrument using a parallel plate (8 mm).
Synthesis

Compounds 3 36 and 4 37 were prepared according to the re-
ported procedures. Pyridyl-azo salicylaldehyde 5 was prepared
by us, as reported earlier.38

Compound 1. Compound 3 (1.0 g, 6.2 mmol) and pyridyl-azo
salicylaldehyde 5 (1.69 g, 7.4 mmol) were added to 25 mL of dry
MeOH in a 100 mL round-bottom ask. The reaction was stirred
at room temperature for 2 h. Aer completion of the reaction,
the volume of the solvent was reduced to some extent. The
orange-coloured precipitate was ltered and washed several
times with methanol and dried in the open air to get Schiff base
1 (2.0 g, yield of 86%, mp of 230 °C). 1HNMR (CDCl3, 400 MHz):
d 13.48 (s, 1H), 9.10 (d, 1H, J= 1.6 Hz), 8.74 (s, 1H), 8.63 (d, 1H, J
= 3.6 Hz), 8.08–8.01 (m, 3H), 7.69 (d, 1H, J= 8 Hz), 7.47 (dd, 1H,
J1= 8.4, J2= 2.4), 7.40–7.36 (m, 3H), 7.12 (d, 1H, J= 8.8 Hz), 6.45
(d, 1H, J = 9.6 Hz); 13C NMR (CDCl3, 100 MHz): d 164.3, 162.7,
160.2, 153.0, 151.4, 147.8, 147.0, 145.7, 144.2, 142.8, 128.4,
© 2024 The Author(s). Published by the Royal Society of Chemistry
128.0, 126.8, 124.6, 123.9, 120.0, 119.5, 118.7, 118.4, 118.1,
117.7; FTIR (KBr, n cm−1): 3430, 3069, 1721, 1633, 1096, 833;
HRMS (TOF MS ES+): calculated C21H15N4O3 [M + H+] 371.1139,
found 371.1133 [M + H+].

Compound 2. Compound 4 (1.0 g, 3.48 mmol) and pyridyl-
azo salicylaldehyde 5 (0.950 mg, 4.18 mmol) were added to
25 mL of dry MeOH in a 100 mL round-bottom ask. The
reaction was stirred at room temperature for 2 h. Aer
completion of the reaction, the volume of the solvent was
reduced. The deep-red-colored precipitate was ltered and
washed several times with methanol and dried in open air to get
2 (1.4 g, yield of 81%, mp of 218 °C). 1H NMR (DMSO, 400 MHz):
d 13.42 (s, 1H), 9.11 (s, 1H), 9.09 (s, 1H), 8.73 (d, 1H, J = 4.4 Hz),
8.39 (d, 1H, J= 2 Hz), 8.19–8.17 (m, 2H), 8.09 (d, 1H, J= 8.8 Hz),
7.80 (d, 1H, J = 8.8 Hz), 7.64–7.58 (m, 2H), 7.23 (d, 1H, J = 8.8
Hz), 6.62 (d, 1H, J = 10 Hz); 13C NMR (d6-DMSO, 100 MHz):
d 164.1, 160.5, 152.0, 147.9, 147.8, 147.0, 146.3, 146.1, 145.3,
130.3, 127.4, 125.1, 124.8, 123.0, 121.3, 118.9, 118.7, 117.7, 117.6
(two carbons are unresolved); FTIR (KBr, n cm−1): 3446, 3330,
3200, 2070, 1729, 1613, 1407, 1186, 1111; HRMS (TOF MS ES+):
calculated C21H14N4O3 [M + H+] 497.0105, found 497.0108 [M +
H+].

General procedure for gelation test and SEM imaging

An adequate amount of compounds 1 and 2was dissolved in the
desired solvent (1 mL) by warming, and then a co-solvent was
added and cooled to room temperature to form a gel. The gel
was primarily conrmed by a vial inversion test. The gel-to-sol
transition temperature (Tg) for both 1 and 2 was measured by
the dropping ball method. The gel samples for SEM imaging
were dried under vacuum, and then coated with a thin layer of
gold metal.

The anion interaction of the gels was examined either by
adding the required amount of anions to the top of the gels or
the gels were prepared in the presence of the anions.

Firstly, to conrm the interaction of anions with the gel state,
DMF–H2O (2 : 1, v/v) gels of 1 and 2 were prepared at their
minimum gelation concentrations. Then, the gels were treated
with 1 equivalent of different anions such as CN−, F−, AcO−,
H2PO4

−, HSO4
−, NO3

−, Cl−, Br−, and I− [all were used as tet-
rabutylammonium (TBA) salt]. Alternatively, compounds 1 (5
mg) and 2 (6 mg) were dissolved in DMF (0.66 mL), followed by
the addition of 0.34 mL of water containing 1 equivalent of
different anions with respect to gelators 1 (c = 1.35 × 10−2 M)
and 2 (c = 1.20 × 10−2 M). In both cases, the gel was not
observed in the CN−-containing vial. Either the gel was dis-
integrated or not formed on contact with CN−.

General procedures for UV-vis and uorescence titrations

Stock solutions of compounds 1 and 2 were prepared in DMF–
H2O (2 : 1, v/v) at the concentration of 2.5 × 10−5 M. Stock
solutions of tetrabutylammonium salts of anions and perchlo-
rate salts of metal ions were prepared in the same solvents at the
concentration of 1 × 10−3 M. In the experiments, 2 mL of the
stock solution of compound was added to a cuvette, and to this
solution different anions/metal ions were added individually.
RSC Adv., 2024, 14, 32759–32770 | 32767
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Upon the addition of the anions/metal ions, absorption spectra
were recorded at room temperature. The same stock solutions
were used to perform the uorescence titration experiments.

Calculation of detection limit29

The detection limit was calculated using the UV-vis titration
data. The absorbance of the compound was measured 5 times,
and the standard deviation of the blank measurement was
achieved. To obtain the slope, the absorption intensities were
plotted with the concentration of anion. The detection limit was
calculated using the equation: detection limit= 3s/k, where s is
the standard deviation of the blank measurement and k is the
slope.

pKa determination27

The pKa values were determined according to the following
equation: pKa = pH + log[(AHB+ − Ax)/(Ax − AB)], where AHB+, Ax
and AB represent the absorbance of the absolute acid and base
forms, respectively, at the pH chosen. The pH values were
recorded using a pH meter. The pKa values were derived from
non-linear curve tting of these data (Origin 6.1).

Single-crystal preparation and X-ray diffraction studies

The single crystal of the Cu-complex of 2 was obtained from
a CHCl3-petroleum ether (4 : 1, v/v) mixed solvent. To a solution
of compound 2 (20 mg, 0.04 mmol) in 10 mL of CHCl3–CH3OH
(95 : 5 v/v), Cu(ClO4)2 (15 mg, 0.04 mmol) was added. The
resulting mixture was stirred for 3 h at room temperature. The
precipitate obtained was ltered and dissolved in CHCl3. Then,
2 mL of the resulting solution was added to a narrow-necked
glass vial and 500 mL of petroleum ether was added to it. The
vial was kept undisturbed. Aer 10 days, brown crystals were
obtained and isolated for data collection.

Crystal data were collected on a Bruker D8 Quest diffrac-
tometer congured with a PHOTON 100 detector device,
equipped with Mo-Ka (l = 0.71069) radiation. The data inte-
gration and oblique incidence correction were done using the
APEX4 soware.39 Lorentz and polarization effects were
considered for data correction, and empirical absorption
corrections were applied using SADABS40 from Bruker. Data
collection and data reduction were done using the Bruker Smart
Apex and Bruker Saint packages.39 The structure solution was
done by direct methods using the SIR-97 (ref. 41) program and
renement was performed by the full-matrix least-squares
methods on F2 with SHELX42,43 and Olex 2.44 The difference
Fourier map was used to locate the hydrogen atoms. Hydrogen
atoms of the complexes were included in idealized positions
and rened as riding models. All gures were drawn using the
Mercury soware.45 The crystallographic data including data
collection and structure renement parameters for the Cu-
complex of 2 are given in Table S3† [CCDC number 2361386].

Hirshfeld surface (HS) analysis

The various non-covalent interactions within a crystal system
are visually represented and quantied through Hirshfeld
32768 | RSC Adv., 2024, 14, 32759–32770
surface analysis. The Hirshfeld surface (HS), constructed from
the electron distribution analysis around a molecule, visualizes
the intermolecular interactions in molecular crystals. The two-
dimensional (2D) ngerprint plots are obtained from the HS
analysis which identify each type of intermolecular interaction
within supramolecular and coordination compounds. The
Hirshfeld surfaces and their corresponding 2D ngerprint plots
were calculated over the constituent ionic and molecular
geometries using the CRYSTAL EXPLORER 17.5 soware
package.34 The properties such as normalized contact distance,
shape index, curvedness, and fragment patch were mapped over
the Hirshfeld surface and plotted with the appropriate color
scale. The 2D ngerprint plots were presented as de vs. di.
Theoretical study

The geometry optimization of compounds 1 and 2 was per-
formed using the Gaussian 09 package26 based on DFT (density
functional theory). The B3LYP hybrid functional46 with the 6-
31G(d) localized basis function for non-metal (C, N, O, and H)
and LANL2DZ basis set with effective core potential was used for
iodine. The aggregation processes of 1 and 2 were calculated
employing the B3LYP-D3 47 functional. To understand the
explicit solvent effects, water molecules were added to the
solution and aggregated forms. To conrm the energy minima
of the optimized geometries, frequency calculations were per-
formed. With the optimized geometries, time-dependent
density functional theory (TD-DFT) was carried out using the
30 lowest singlet excitations.
Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data for the Cu2+-complex of
compound 2 have been deposited at the CCDC under the
number 2361386.
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