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Pyridoxal-based low molecular weight progelator
as a new chemosensor for the recognition of Ag™
and Hg®* under different conditions¥
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Pyridoxal-based low molecular weight progelator 1 has been designed and synthesized for the selective
visual detection of Ag* ions through sol-to-gel conversion. Compound 1 shows excellent gelation
property with desired gel stiffness only in the presence of Ag® ions over a series of other metal ions in
1:1 (v/v) aqueous solvent system miscible with organic solvents such as DMSO, DMF, and dioxane, and
validates the visual detection of Ag* ions. The gel properties were studied by FTIR, UV-Vis, scanning
electron microscopy (SEM), and rheology measurements. Minimum gelation concentration was found to
be 3 mg mL™Y. While Ag*-induced metallogel in DMSO/H,O is thermally reversible, it is irreversible in
the DMF/H,O system. The model compound 2, devoid of hydroxyl groups, did not show gelation under
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DOI: 10.1039/d2ma00358a identical conditions and established the role of pyridoxal moiety in 1. In addition, compound 1 exhibits

the selective sensing of Hg?" ions over a series of metal ions in the solution phase, as established by
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Introduction

Low molecular weight gelators (LMWGs) or supramolecular
gelators are an interesting and useful class of materials. The
development of LMWGs for the construction of supramolecular
gels and their subset, metallogels, have received immense
interest in recent years due to their potential applications in
a wide range of fields, including cell culture,"* tissue
engineering,>* wound healing,” water purification,®” drug
delivery,®® sensing and catalysis,'®"" and optoelectronics.'*"*
These gels are viscoelastic semisolid materials that are formed
owing to the self-assembly of small molecules into a large
anisotropic three-dimensional (3D) network that entraps a large
volume of solvent molecules. The driving forces for the for-
mation of such a stable 3D network are n-n stacking, H-
bonding, van der Waals force, dipole-dipole interaction,
presence of coordinating analytes, etc.'*'®> The development
of LMWGs-containing metal ion binding groups may provide
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UV-Vis, fluorescence, and *H NMR studies.

the additional advantage of being stimuli responsive in
nature."®

It is established that metal-assisted supramolecular assem-
blies are of great interest due to their applications in sensing,”
catalysis,'® magnetic fields,"® optics,?® etc. Furthermore, metal
ion inclusion into LMWGs, leading to the formation of a new
hybrid material with ion conducting properties, can be useful
in supercapacitors,>** solar cells,”® rechargeable batteries,>*
fuel cells,”® etc. Importantly, among the various uses, the
sensing of metal ions by LMWGs in aqueous and semi-
aqueous media is an important area of research in environ-
mental and supramolecular chemistry.

Herein, we report the design, synthesis, and characterization
of low molecular weight Schiff bases 1 and 2 derived from the
condensation of dehydroabietylamine with pyridoxal and
pyridine-4-carboxaldehyde, respectively (Fig. 1). Compound 1
acted as a progelator and showed excellent gelation only in the
presence of Ag" ions over a series of other metal ions in 1:1
(v/v) aqueous solvent miscible with organic solvents such as
DMSO, DMF, and dioxane. Besides, in solution phase (DMSO/
H,O0, 1/1, v/v), compound 1 showed the selective detection of
Hg”* ion over a series of other metal ions. Schiff base 2 as a
model compound was employed in a similar study and did not
produce the gel either alone or in the presence of metal ions.
This demonstrated the role of pyridoxal in gel formation in 1.

Among various toxic metal ions, Hg*" is a soft and toxic
metal ion, which has adverse effect on human health as well as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of 1 and 2.

environment.”® It causes serious damage to lung, heart, kidney,
brain, and human immune system. Organic mercury causes
Minamata and coronary heart diseases.”” On the other hand,
Ag' is a biologically important ion due to its antimicrobial
activity.>® It finds great application in organic synthesis,>
catalysis,*® electronic,® photography,®® imaging industry,*
etc. Recently, the application of LMWGs for the recognition of
such toxic/heavy metal ions has attracted much interest owing
to the simple naked eye detection involving sol-to-gel conver-
sion or vice versa.** To date, reports on LMWGs-based recogni-
tion of toxic/heavy metal ions are limited®> due to the lack of
desired sufficient stiffness of gels and also the lack of sensitivity
and selectivity. In this context, the present report is concerned
with the development of a simple LMWG for the naked eye
recognition of toxic and/or heavy metal ions through the
formation of a stable gel.

Results and discussion
Synthesis

Compound 1 was obtained as a yellow solid in an appreciable
yield from the condensation of dehydroabietylamine with pyr-
idoxal (obtained from pyridoxal hydrochloride) (Scheme 1).
Model compound 2 was obtained as a colorless gummy mate-
rial in 70% yield from the condensation of dehydroabietyla-
mine with pyridine-4-carboxaldehyde (Scheme 1). Both
compounds 1 and 2 were characterized by "H NMR, >C NMR,
FT IR, and mass analysis (Fig. S1-S5, ESIT).

Gelation study

The gelation property of compound 1 was tested in a wide range
of organic solvents (Table S1, ESIt) by the typical inversion of
the vial method. Compound 1 did not form a gel in any of the
tested solvents and remained soluble in all tested organic
solvents (toluene, benzene, THF, DMSO, CH;CN, CH3;OH,
DCM, etc.). Compound 1 was insoluble in water due to the
presence of a dehydroabeityl moiety that provides hydrophobic

CHO OH CHoOH
X /|
| Sy
N HCI

2

EtsN, CH3OH, reflux HaN_& EtsN, CH3OH, reflux

Scheme 1 Syntheses of compounds 1 and 2.
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Fig. 2 Photograph showing the sol—gel transition of 1 (c = 0.023 mol)
upon the addition of 1 equiv. amount of various metal salts
(c = 0.046 mol) in DMSO/H,0O (1:1, v/v). All metal salts were taken as
their nitrate salts (NO3™) except Hg?", Fe®*, and Al**, which were taken as
their perchlorate salts (ClO47).
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surface. Therefore, it was anticipated that gelation might occur
in organic solvent mixture using water as the co-solvent. How-
ever, precipitation was observed from mixed solvents instead of
gel formation (Table S1, ESIt). As compound 1 contains a
pyridine nucleus, it was further anticipated that it might form
a gel in the presence of suitable metal ions. Thus, the gelation
of 1 was tested in dioxane/H,O (1:1, v/v), DMSO/H,0 (1:1, v/v),
and DMF/H,O (1:1, v/v) mixture solvents in the presence of
different metal ions (Fig. 2). Importantly, only in the presence
of Ag' ions, gelation occurred within a few seconds in all
aqueous organic mixture solvents (Table S1, ESIT). Ag'-
induced gelation was also observed in CH;CN/H,O (1:1, v/v)
after 10 min. Such a type of gelation of progelator 1 is a smart
approach for developing molecular sensor for the naked-eye
detection of chemical analytes.’® To demonstrate this, we
selected DMSO/H,O (1:1, v/v) solvent system for further
investigation.

The effect of different metal salts on the gelation of proge-
lator 1 is shown in Fig. 2. In the study, aqueous solutions of
different metal salts were added separately in 2 equiv. amounts
to the solution of 1 in DMSO. It was only Ag" ion that induced
the gelation of 1 immediately. Any sol-gel transition of 1 was
not observed in the presence of other metal ions (Cu®*, Zn*",
Cd**, Ni**, Co**, Pb>", Fe’", Hg?*, AI**, Ca”®", and Fe**) even after
1 h. There were color changes of the solution in the presence of
some metal ions. Fe*"-induced red coloration of the solution
was distinctive in this regard. However, gelation of 1 was also
observed in the presence of 1 equiv. amount of Ag" ion, but it
was delayed by 15 min. However, in the presence of 0.9 equiv. of
Ag', a gel-like mass was observed in the vial although it was not
stable. We further studied the gelation of 1 in the presence of
0.5 equivalent of Ag" ion. maintaining a 2: 1 (ligand : metal ion)
stoichiometry and in this case, no gel was formed after 1 h
(Fig. S6, ESIT). These observations on gel formation established
the sensitivity and high selectivity of compound 1 toward Ag"
ion over the other metal ions studied.

To study the effect of the counter anion in Ag" salt on the
phase transition of 1, three different Ag" salts such as AgNO;,
AgOAc, and AgClO, were taken. Instant gelation was observed
in the presence of both AgNO; and AgClO,, whereas sol-to-gel
transition of 1 was delayed by 30 min in the presence of AgOAc
(Fig. 3). This reveals that AcO™ has some kinetic effect on
gelation. The acid-base interaction of AcO~ ion with the
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Fig. 3 Gelation study of compound 1 (5 mg mL™%) in DMSO-H,O (v/v,
1/1) in the presence of AgNO3s, AgOAc, and AgClO,.

phenolic OH is considered to be the cause of such observation.
The rheological property of this gel, which is described later in
this section, is observed to be different from the gel derived
from AgNO;.

The minimum gelation concentration of 1 was found to be
3 mg mL ™" in the presence of 1 equiv. amount of Ag*. Lowering
this concentration did not show any sol-to-gel transition of 1
even after 1 h in the presence of 1 equiv. amount of Ag".

To understand the nature of aggregation of compound 1 in
the presence of Ag", the comparison of the UV-vis spectra of 1 in
solution and gel states was done (Fig. 4). The absorption peak
of 1 at 336 nm in DMSO-H,O (v/v, 1/1) was red-shifted to
346 nm and the intense absorption at 418 nm, possibly due to
the partial deprotonation of the phenolic -OH in solution, was
reduced significantly with broadening in the gel state. This
occurred presumably due to H-bond-induced aggregation invol-
ving —~OH groups of the pyridoxal moiety and also hydrophobic
interaction exerted by the dehydroabietyl group. In fluores-
cence, the emissions at ~400 nm and ~540 nm in the sol
state are reduced compared with the gel state. Such an observa-
tion in fluorescence may be due to the aggregation-induced
quenching of emission.

The aggregation behavior of compound 1 in the presence of
Ag" was further supported by FTIR analysis. The FTIR spectra of
1 both in amorphous and gel states were recorded and com-
pared. The stretching signal at 3360 cm ' due to the ~OH
groups of the pyridoxal in the amorphous state was consider-
ably broadened in the gel state due to extensive hydrogen
bonding also involving water. As a consequence, the stretching
at 1623 cm ™" for the imine bond (C=N) in the amorphous state
was shifted to 1662 cm™ " in the gel state seemingly due to its

(a)

— Sol state of 1
1.0 — Gel state of 1

(b)

6.0x10°
— Sol state of 1

4.0x10° —— Gel state of 1

2.0x10°

Absorbance

=3
o

0.0

300 400 500
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400 500 600
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Fluorescence Intensity (a.u.)

Fig. 4 Comparison of (a) normalized UV-vis and (b) fluorescence spectra
of 1 in the solution [DMSO/H,0 (1:1, v/v)] and gel states.
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Fig. 5 Optimized geometries of (a) compound 1, (b) compound 1 with
Ag*, and (c) tetramer of compound 1 with two Ag* ions in DMSO solvent
calculated at the DFT/B3LYP 6-311++G(d,p) level.

restricted rotation in the gel state (Fig. S7, ESIT). In addition, a
broad signal at ~2000 cm™ ' in the gel state was a proof of
involvement of the pyridine ring nitrogen in interaction.

To realize the role of the pyridoxal motif in the gel for-
mation, model compound 2 was considered in the study.
Compound 2 is almost similar to 1, where the pyridoxal moiety
is replaced by pyridine. Without -OH groups, compound 2 was
unable to form a gel in the presence of any metal ion under
similar conditions (Fig. S8, ESIt).

However, we were keen to investigate the aggregation mode
of 1 during gelation; in this regard, we performed the DFT
study.?” Geometry optimization of 1 shows that while the imine
part is engaged in intramolecular H-bonding with the pheno-
lic-OH, the pyridine ring nitrogen is free for metal ion coordi-
nation (Fig. 5(a)). Fig. 5(b) depicts the Ag'-coordinated complex
in DMSO where there is a slight conformational change after
binding with the silver ion. The presence of water involves
hydrogen bonding with the alcoholic group and encourages the
aggregation. In this regard, the tetrameric form of the complex
was considered to understand the possible mode of aggregation
during gelation. To substantiate this, the absorption spectra
were recorded. In this regard, the absorption peak at 311 nm
for the tetrameric aggregated form in Fig. 5(c) was found to be
nearer to the peak at 346 nm for the gel state in Fig. 4(a) and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S9, ESIt). To explain the absorption peak at 418 nm for 1
in DMSO, the TDDFT calculation on the deprotonated form of 1
(deprotonation of the phenolic -OH) was done. Importantly,
the peak at 412 nm for this closely matched with the experi-
mental value (Fig. S10, ESIT) and confirmed the existence of the
phenoxide form in solution.

The frontier molecular orbitals (FMO), highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular
orbital (LUMO) of 1 and its complex structures are shown in
Fig. S11-S13 (ESIt). FMOs determine the way the molecule
interacts with other species and the gap between these also
helps in characterizing the chemical reactivity and kinetic
stability of the molecule. The calculated value of the HOMO-
LUMO gap shows a decrease of 0.51 eV in complex formation in
comparison to the free ligand (compound 1), i.e., the complex
structure is more reactive than the free ligand.

The molecular electrostatic surface potential (MESP) was
plotted to investigate the reactive sites in the studied com-
pounds. The MESP plot simultaneously displays the molecular
size, shape, as well as positive, negative, and neutral electro-
static potential regions in terms of the color grading. In the
MESP plot of complex structures (Fig. 6(a) and (b)), the most
electropositive region (blue region, electron poor) is located
over the side where the N-atom is attached to the silver ion,
while there is no electronegative region present in the struc-
tures. Thus, the complex system appears to be profoundly
sensitive toward nucleophilic species, for which there will be
gelation through a network formation.

Thermal behavior, surface morphology, and CD spectra of the
metallogel

To study the thermal stability of the Ag"-gel, T, was measured
for both the Ag'-induced gels of compound 1 in DMSO/H,0
(v/v, 1/1) and DMF/H,0 (v/v, 1/1). Importantly, the gel obtained
in DMF/H,0 (5 mg mL™ ", Ty = 82 °C) was much thermally

Fig. 6 MESP plots of (a) 1, (b) dimer of 1 with Ag*, and (c) tetramer
containing 1 and Ag™.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The SEM image of xerogel of compound 1 prepared in DMSO/H,O
(1:1, v/v) in the presence of (a) 1 equiv. and (b) 2 equiv. of Ag* ion.

stable than the gel in DMSO/H,O (5 mg mL ", Ty = 62 °C).
However, the gel obtained in the DMF/H,0 solvent system was
not thermally reversible (Fig. S14a, ESIt), whereas the gel in
DMSO/H,0 showed reversible sol-to-gel phase transition
(Fig. S14b, ESI¥).

The surface morphology of the Ag" gel was investigated by
the SEM imaging technique. Xerogel of 1 obtained from 1
equiv. of Ag" in DMSO/H,0 showed uneven cluster formation,
whereas the xerogel obtained from 2 equiv. of Ag" showed
highly crosslinked fibrous network structure (Fig. 7). The TEM
micrograph of xerogel of 1 prepared in DMSO/H,O (1:1, v/v) in
the presence of 2 equiv. of Ag" ion showed a network structure
formed with uneven void space due to the aggregation of 1 in the
presence of Ag* ion (Fig. S15, ESIY).

The aggregation behavior was further supported by the
optical image study of compound 1 at a conc. of 1 x 10 in
DMF, DMF/H,0 (v/v, 1/1), and in the presence of 1 and 2 equiv.
of Ag" ion in DMF/H,0 (v/v, 1/1) solvent (Fig. S14, ESI{). It was
observed that while in DMF, compound 1 was spread over on
the cover slip, aggregation started to occur in DMF/H,0,
enlightening the role of water in the process. In comparison,
fibril networks were observed in the presence of 1 and 2 equiv.
of Ag" ion (Fig. S16a and b, ESI{) and endowed the coordination
role of Ag" ions to allow aggregation in a different mode.

To check the coordination role of Ag" ions in forming the
gel, the interaction of the Ag'-gel of 1 with the halide ions (F,
Cl7, Br, and I as potassium salt) was investigated. After
30 min of addition of the salts, partial or almost complete
degradation of the gel was observed (Fig. 8). Degradation is
minimum for F~ and the gel was almost transformed into a sol
material in the presence of I". This observation suggested that

Fig. 8
and I as potassium salt).

Interaction of Ag* gel of compound 1 with halide ions (F~, CL™, Br~,

Mater. Adv.,, 2022, 3, 5836-5844 | 5839
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the gel is formed due to Ag'-ligand interaction. The scavenging
of Ag” ions by halide ions from the gel matrix ruptures the gel.

In order to obtain information about the molecular chirality
and chirality of supramolecular architecture during aggrega-
tion, the CD spectra of 1 in DMSO: H,0 (1:1, v/v) itself and in
the presence of Ag" at different concentrations were compared
with Ag'-gel. While 1 showed weak positive and negative
Cotton effects at about 294 nm and 350 nm, respectively, in
aqueous DMSO suggesting weak helical conformation, there
was no distinct CD signal initially in the presence of the Ag" ion
at which there was no gel formation. But in the gel state, strong
negative Cotton effect at approximately 317 nm and a moderate
negative Cotton effect at 420 nm were observed (Fig. S17, ESIT).
Such a strong Cotton effect was ascribed to the chirality transfer
from the dehydroabietylamine pendant to the pyridoxal moiety
upon gel formation, thus expressing aggregation-induced cir-
cular dichroism (AICD) property.*®

Rheological study

The mechanical property of the Ag'-gel was studied by oscilla-
tory rheological experiment (amplitude sweep and frequency
sweep). For this, gels were prepared by adding 0.5 mL of
aqueous solution of AgNO; to 5 mg of compound 1 dissolved
separately in 0.5 mL DMSO, DMF, and dioxane. All experiments
were carried out at 25 °C. The study of the storage modulus (G’)
and loss modulus (G") versus %strain (amplitude sweep) at a
constant frequency of 1 Hz were first carried out to establish
the linear viscoelastic region (Fig. 9(a)-(c)). The shear strain up
to 2%, 2.5%, and 3% of 100 Hz is in the linear viscoelastic
region for gels of compound 1 in the presence Ag" ion prepared
in DMSO/H,0 (1:1, v/v), DMF/H,0 (1:1, v/v), and dioxane/H,0O
solvents, respectively. Then, both G’ and G” started to decrease
and respective crossover between G’ and G’ was observed at
31%, 32%, and 33% strain, which indicated the loss of the gel
property (Fig. 9(a)-(c)). The higher value of G’ over G" in the
linear viscoelastic region demonstrated that the rheological
property of the supramolecular gel is dominated by the elastic
property over the viscous property. Frequency sweep
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Fig. 9 Rheological behavior of supramolecular gel of 1: storage modulus
G’ and loss modulus G” of the gel on strain sweep prepared in (a) DMSO/
H,O (1:1, v/v), (b) DMF/H,O (1:1, v/v), (c) dioxane/H,O (1:1, v/v) solvent
system, and storage modulus G’ versus frequency sweep (strain: 0.5%) of
the gelin (d) DMSO/H,0 (1:1, v/v), (e) DMF/H,O (1:1, v/v), and (f) dioxane/
H,O (1:1, v/v) solvent system.
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Table 1 Rheological properties of the gels of compound 1 formed in
different solvent systems

Solvent system Critical Crossover Tan o
(1:1, vv) strain (%) (% strain) G’,(Pa) G"u (Pa) (G"a/Gay)
DMSO-H,0 2.0 31 15990 1797 0.11
DMF-H,0 2.5 32 1782 342 0.19
Dioxane-H,O 3.0 33 15990 1792 0.11

experiment was carried out at a constant strain of 0.5%, which
is well below the deformation limit in the linear viscoelastic
region. Frequency sweep experiment showed the independent
nature of G’ with respect to frequency (Fig. 9(d)-(f)). Table 1
reports the different attributes of the gels. Gels obtained from
different solvents show comparable gel stiffness and strain-
bearing capacity.

Gel stiffness is also associated with the nature of the metal
salt used. In this context, the gel in the presence of AgOAc, as
shown in Fig. S18 (ESIt), showed the different rheological
property from that of the AgNOs-induced gel. The G’ and G”
started to decrease within a short span of strain and the
crossover between G’ and G” was observed at 0.45% strain
(Fig. S18, ESIY). This corroborated the less elastic character of
the gel (i.e., weak gel; Table S2, ESIT) compared to the gel using
AgNO;.

Solution phase interaction

Solution phase interaction of 1 with aforementioned metal ions
was also investigated by UV-vis, fluorescence, and "H NMR
spectroscopic methods. However, the outcome was completely
different from the gel phase study. UV-vis spectroscopic study
of 1 in DMSO/H,0 (1:1, v/v) showed two distinct absorptions at
336 nm and 416 nm. The intensities of these two peaks were
decreased in the presence of all metal ions except Hg>" almost
in equal magnitudes (Fig. 10a and Fig. S19, ESI{). Only Hg**
brought about a significant change in UV-vis spectra, indicating
the measurable interaction in solution, although there was no
gel formation in its presence. In contrast, Ag" ion, in spite of its
weak interaction in solution, gave gel formation presumably
due to the feasibility of metal coordination geometry to form
the 3D-network in solution. Fig. 11(a) represents the UV-vis
titration spectra of 1 in DMSO/H,0 (1:1, v/v) in the presence of
Hg>". In this study, upon the successive addition of Hg>", the
intensity of absorptions at 336 nm and 416 nm gradually
decreased and continued up to the addition of 3 equiv. of
Hg>" ion.

Solution phase interaction of 1 with metal ions was further
investigated by fluorescence. Upon excitation at 322 nm, com-
pound 1 in DMSO/H,O0 (1: 1, v/v) showed two emission maxima
at 382 nm and 520 nm. Similar to the absorption spectra,
compound 1 in DMSO/H,0 (1:1, v/v) did not show any sig-
nificant change in the emission spectrum in the presence of
Ag'. However, a significant change in the emission was
observed in the presence of Hg”" (Fig. 10(b)). Upon the succes-
sive addition of 3 equiv. amounts of Hg>*, both the emission
bands gradually increased (Fig. 11(b)). There was no

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Absorption and (b) emission titration spectra of compound 1 in

DMSO/H,O (1:1, v/v) (c = 25 x 107* M) in the presence of Hg?" ion
(€ =1 x 1073 M) (Hg?* is taken as HgClO,).

considerable change in the emission in the presence of the
other metal ions (Fig. S20, ESIt). It is to be pointed out that
compound 1 in low concentration (1.0 x 10> M) showed very
small absorbance, which underwent a further decrease upon
the successive addition of Hg**, leading to negative absorbance
due to the dilution effect (Fig. S21a, ESIt). Although the spectral
change was identical to that in Fig. 11(a), it was not considered
in our study. Similar to that in UV-vis, in low concentration,
compound 1 (¢ = 1.0 x 10> M) in fluorescence also exhibited
weak emission at ~400 nm, which was gradually intensified
upon titration with Hg”" and suggested its sensitivity toward
Hg>" (Fig. S21b, ESI{). The emission at ~ 520 nm was too weak
to detect. While the concentration of 1 is increased, it emerges
with moderate intensity due to aggregation (Fig. S21c, ESIt).

To support the interaction of compound 1 with Hg>", the
"H NMR spectrum of compound 1 in the presence of 1 equiv.
and 3 equiv. of HgClO, was recorded in de-DMSO (Fig. S22,
ESIt). In the presence of 1 equiv. of Hg**, both Ar-OH, and
-CH,0OH,, underwent downfield chemical shift by 0.74 and
0.22 ppm, respectively. Further, with the addition of Hg** up to
3 equiv., the downfield chemical shift of the said protons was
increased by 0.29 and 0.06 ppm, respectively. The pyridine ring
proton H, and Hq proton from -CH,OH also underwent down-
field chemical shift (Fig. S22, ESIt). With this information in
hand, it was assumed that the imino-phenol part of 1 is
engaged in interaction with Hg>" (Fig. S22, ESIY).

Binding constant and detection limit*®*°

The binding stoichiometry of 1 with Hg>* was determined to be
1:1 (H/G) in DMSO/H,O (1:1, v/v), as indicated by the Benesi-
Hildebrand plots (Fig. S23, ESIt). From UV-Vis titration spectra,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the value of Ay/A — A, versus 1/[G] plot at 420 nm showed good
linear relationship with R, = 0.997 and association constant was
calculated to be 2.72 x 10°> M. The detection limit for Hg**
was calculated as 2.09 x 10~ ° M (Fig. S24, ESIf).

Conclusion

In summary, a simple pyridoxal-based Schiff base progelator 1
has been designed, synthesized, and characterized. Compound
1 does not form gel in any organic solvent tested and formed
precipitates in a series of organic solvents such as DMSO, DMF,
dioxane, and acetonitrile. But it undergoes sol-to-gel transition
in DMSO/H,0, DMF/H,0, dioxane/H,0, and CH;CN/H,O selec-
tively in the presence of Ag" ion and validates the selective
naked eye detection of Ag" ion over a series of other metal ions.
The Ag'-gel has a fibrous morphology and shows good viscoe-
lastic behavior. A theoretical study was done to explain the
mode of aggregation. The absence of phenolic -OH and alco-
holic -OH in model compound 2, which is reluctant undergo
gel formation under the conditions, proves the role of pyridoxal
in 1 for gelation. Compound 1 does not show any specific
interaction in solution with Ag" but reveals the selective recog-
nition of Hg>" ion by exhibiting considerable changes in the
UV-Vis and fluorescence. The detection limit for Hg>" was
determined to be as low as 2.09 x 10~ ® M. Thus, the present
study on pyridoxal-based Schiff base in the detection of metal
ions through gel formation is a new addition (Table S3, ESIT).
In this context, no report except one from our laboratory is
known in the literature. Even the use of dehydroabietylamine as
a hydrophobic component in the fabrication of gelator is
unknown except one example to date.*!

Experimental

Material

Pyridoxal hydrochloride (99%), (+)-dehydroabietylamine (60%),
and pyridine-4-carboxaldehyde were purchased from Sigma
Aldrich and used as received. Nitrate salts of Ag>*, Cu®>*, Pb*",
Co**, Ni**, €d**, Zn*",Hg*", and Fe*", and perchlorate salts of
Ca®", AI**, Fe**, and Hg>" were purchased from Sigma-Aldrich.
CDClj; (99.8% D) and DMSO-dg (99.8% D) were purchased from
Cambridge Isotope Laboratories, Inc., USA for NMR study. The
solvents used in the experiments were purified and dried before
use by standard procedures.

Instrumentation

'H and "*C NMR spectroscopic studies were conducted on a
BrukerAvance IIII 400 spectrometer operating at 400 MHz.
Mass spectrometry (ESI-MS) was conducted on a high resolu-
tion Agilent 6535 Q-TOF LC/MS mass spectrometer. The FT-IR
spectroscopic study was conducted on KBr pellets using a
PerkinElmer Spectrum L120-00A FT-IR Spectrometer. The UV-
VIS spectra were recorded using a Shimadzu UV-2450 and
fluorescence spectroscopic study was conducted using HORIBA
FluoroMax-4C.
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Synthesis

Compound 1. Triethylamine (Et;N, 0.375 mL, 2.70 mmol)
was added dropwise to a stirred solution of pyridoxal hydro-
chloride (0.5 g, 2.46 mmol) in CH;0H (20 mL). After stirring for
10 min, dehydroabietylamine (0.70 g, 2.46 mmol) in 2 mL
CH;0H was added and the reaction mixture was boiled to
reflux for 3.5 h. After the completion of the reaction, CH;OH
was removed by rotary evaporator and diethylether (50 mL) was
added to the residue. The precipitation that appeared was
filtered off and ether was removed under reduced pressure.
The resulting residue was purified by column chromatography
using ethyl acetate/pet ether eluent (7:3 v/v) to give a yellow
powder of compound 1 (0.9 g, yield: 75%). m.p. 86 °C. 'H NMR
(400 MHz, CDCl,): 6 14.33 (s, 1H), 8.75 (s, 1H), 7.33 (s, 1H), 7.09
(d, 1H,J = 8 Hz), 6.91 (d, 1H, J = 8 Hz), 6.78 (s, 1H), 4.69 (s, 2H),
3.47 (s, 2H), 2.82-2.71 (m, 3H), 2.42 (s, 3H), 2.22 (d, 1H, J =
12 Hz), 1.87-1.68 (m, 6H), 1.45-1.36 (m, 5H), 1,29-1.26 (m, 6H),
1.24 (s, 3H); C NMR (100 MHz, CDCl;): § 162.80, 155.50,
151.13, 146.96, 145.60, 137.37, 134.49, 130.94, 126.82, 124.37,
123.96, 119.63, 71.84, 60.68, 46.22, 38.24, 37.98, 37.69, 36.68,
33.39, 29.68, 25.51, 23.92, 19.19, 18.93, 18.87 and 18.72; FT-IR
(em™): 3370, 2927, 2867, 2111, 1737, 1630, 1498, 1454, 1400,
1291, 1256, 1212, 1169, 1083, 1029, 886, 821, 784, 718; HR-MS:
cal. for [M+H'] C,5H;5N,0,H: 435.3012, found 435.3009.

Compound 2. Pyridine-4-carboxaldehyde (0.2 g, 1.86 mmol)
and dehydroabietylamine (0.568 g, 2.05 mmol) were dissolved
in 20 mL CH;OH and then the reaction mixture was heated to
reflux for 4 h. After the completion of the reaction, CH;OH was
removed by a rotary evaporator and the resulting residue was
purified by column chromatography using ethyl acetate/pet
ether (6:4, v/v) as the eluent to yield a gummy colorless
substance. "H NMR (400 MHz, CDCl;): § 8.68-8.64 (m, 2H),
8.22 (s, 1H), 7.59-7.56 (m, 2H), 7.18 (d, 1H, J = 8 Hz), 6.98
(d, 1H, J = 8 Hz), 6.86 (s, 1H), 3.56-3.40 (m, 3H), 2.87-2.77
(m, 2H), 2.26 (d, 1H, J = 12 Hz), 1.88-1.67 (m, 6H), 1.53-1.36 (m,
5H), 1.24-1.19 (m, 6H), 1.05 (s, 3H); "*C NMR (CDCl;, 100 MHz):
5 158.77, 150.36, 147.35, 145.46, 143.01, 134.81, 126.86, 124.43,
123.89, 121.96, 73.33, 45.86, 38.41, 38.26, 37.66, 36.70, 33.42,
30.49, 25.63, 23.98, 19.57, and 18.86 (one carbon in the alipha-
tic region is unresolved); FT-IR (cm™"): 3391, 3092, 2890, 1696,
1664, 1612, 1587, 1568, 1504, 1458, 1433, 1399, 1342, 1366,
1269, 1231, 1159, 1128, 1053, 956, 881, 859, 839, and 778; anal.
caled for C,H34N,: C, 83.37; H, 9.15; N, 7.48, found: C, 83.13;
H, 9.35; N, 7.41.

General procedure for the gelation test

A measured amount of compound 1 was dissolved in pure
organic solvents and all metal salts analytes were dissolved in
deionized water. Then, 0.5 mL of 1 equiv. or 2 equiv. amounts
of the metal solution was added to 0.5 mL solution of com-
pound 1 to test the gel formation. The gel formation was tested
via the inversion of vial method.

The anion responsive behavior of the metallogel was further
tested via the degradation of the gel in the presence of
equivalent amounts of halides.
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Sample preparation for SEM and optical imaging

The SEM image of the gel sample was prepared by placing a
thin layer of the gel sample on a cover slip and dried under high
vacuum. Then, the dry gel sample was coated with a very thin
layer of gold-palladium alloy and the image was recorded
under SEM.

Optical imaging study of compound 1 in the absence and
presence of Ag" was carried out using an optical microscope.
For this purpose, compound 1 in DMF, DMF/H,0 (conc. =1 X
10~* M) and also compound 1 in DMF/H,O (conc. =1 x 10 ° M)
in the presence of 1 and 2 equiv. of Ag* was drop-casted on the
cover slip and dried.

General procedures for fluorescence and UV-vis titrations

A stock solution of compound 1 (c = 2.5 x 10~ * M) was prepared
in DMSO: H,O (1/1, v/v). Stock solutions of metal salts (¢ = 1 x
10~* M) were also prepared in DMSO:H,O (1/1, v/v). Then,
2 mL solution of compound 1 was taken in a cuvette and
solutions of different metal salts were added individually in
different amounts to record the change in absorbance and
emission spectroscopy.

Binding constant determination®®

The Benesi-Hildebrand plot was used to determine the stoi-
chiometry of interaction using the expression: Ay/(A — Ag) = [em/
(em — &c)](Ka ' Cg ' + 1), where &y and & denote the molar
extinction coefficients for the probe and the complex, respec-
tively, at a selected wavelength, A, denotes the absorbance of
free compound at that specific wavelength, and C, is the
concentration of the metal ion analyte. The measured absor-
bance Ay/(A — Ap) as a function of inverse of the analyte
concentration fits a linear relationship, indicating a 1:1 stoi-
chiometry of the probe-metal analyte complex. The ratio of
slope to intercept was used to determine binding constant.

Calculation of detection limit*’

The detection limit was calculated from the UV-vis titration
data. The absorbance of compound 1 was measured five times,
and the standard deviation of the blank measurement was
calculated. To have the slope, the absorbance values of 1 vs
concentrations of Hg>" were plotted. The detection limit was
calculated using the equation detection limit = 36/k, where ¢ is
the standard deviation of the blank measurement and k is
the slope.

Computational details

All theoretical calculations have been performed using the
density functional theory (DFT)-based Gaussian 09 program
and calculated at the DFT/B3LYP 6-311++G(d,p) level in
dimethyl sulfoxide (DMSO) solvent. The free ligand and its
complex structure with silver ion were optimized using the
same level of theory in DMSO solvent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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