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ABSTRACT: Simple, effective, and eco-friendly sugar-based phase-
selective gelators were synthesized at a low cost. They showed high
gelling ability toward a wide range of solvents at lower
concentrations (minimum gelation concentration ~0.3%). Prelimi-
nary tests reveal that these low molecular weight organogelators can
immediately and phase-selectively gel benzene, toluene, petrol, and
kerosene in water at room temperature. We also identified G13 in
toluene as the good gelator, and the corresponding organogel
proficiently removes water-soluble dyes from their concentrated
aqueous solutions. This efficient removal of toxic organic solvents
and dyes from water suggests promising applications in removing
organic substances from contaminated water resources. The
thermoreversible gel exhibits effective rechargeability up to five

cycles of burning and gelation, which imply the flame stability of the gel. Interestingly, these compounds had a high detection ability
toward Cu®* ions with a state change from gel to the solution. The physical justification for gelation mechanisms and the molecular
interaction with metal ions were further confirmed by computational studies.

Bl INTRODUCTION

Low molecular weight organogelators (LMOGs)"* have
received substantial attention in recent decades due to their
wide range of potential applications in various fields,” such as
drug delivery,*™® sensing,”® oil spill recovery,” "' water
purification,'” and dye absorption.'”'* The formation of
LMOGs is generally due to the noncovalent forces such as
hydrogen bonding, van der Waals, electrostatic, hydrophobic,
and 7—7 stacking interactions.'” The organogels formed via
the self-aggregation of small gelator molecules are called
supramolecular organogelators.'®'” They can sensitively
respond to several external stimuli,"*™*° such as light, heat,
pressure, magnetism, pH, mechanical force, ultrasound, and
chemical substances. A disturbance of the weak points by
external stimuli may disrupt the gel to the sol state. Such a
phase transformation in the presence of an analyte is a good
approach for developing new sensor devices for naked-eye
detection of biologically relevant metal ions.”"**
Self-assembly of sugar-derived low molecular weight gelators
has become a remarkable research topic. Due to the presence
of free hydroxyl groups, they use hydrogen bonding for their
self-assembly process. Since carbohydrates are biocompatible,
biodegradable, rich in stereochemistry, nontoxic, eco-friendly,
inexpensive, and moreover derived from abundant renewable
resources, they have proven to be an ideal choice for the
development of organogels compared with other gel types.”’

© 2022 The Authors. Published by
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Carbohydrate-derived organogelators display applications in
various fields, such as oil-spill recovery, semiconducting fabrics,
CO, absorption, generation of nanocomposite materials, soft-
optical devices, separating biomolecules, lectin binding,
controlled drug encapsulation, release and delivery, self-
healing, metal ion detection, and many others.2*2¢

A fascinating category of supramolecular gelators is the
phase-selective organogelators (PSOGs) which preferentially
gelate organic solvent over others from a given biphasic system
consisting of both aqueous and nonaqueous solvent mixtures at
room temperature.””** This remarkable feature of PSOGs
allows them to remove organic solvents and dyes from
contaminated water by solidifying oil spills and dyes. Though
dyes are used as coloring agents in several industries for
coloring their products, they are toxic and their direct
discharge into the water sources is harmful to human and
aquatic lives. Therefore, there is always a need for an effective
dye adsorbent system. Usually, photocatalytic degrada-
tion,””~*" photoelectrocatalytic degradation,”* photodegrada-
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tion, photo-Fenton catalytic degradation,®>*® Janus nano-
absorbents,”’ nanocomposites,S&39 activated carbon,*®*' and
biosorption methods**~** have been used to remove organic
contaminants such as dyes and harmful chemicals from
wastewater. However, phase-selective supramolecular organo-
gelators having appropriate hydrophilic/hydrophobic sites are
usually found to be promising in this process. The first
reported PSOGs were amino acid-based amphiphiles synthe-
sized by Bhattacharya and co-workers in 2001.*° For a
molecule to become an excellent PSOG, there are some
essential requirements: (i) the gelator molecule should gelate
the oil/dye eficiently and instantly from the biphasic mixture
at room temperature; (ii) there should be easy recovery of the
oil/dye from the gel phase; (iii) a reusable gelator should be
generated; (iv) the production cost should be low.

The recognition and sensing of environmentally and
biologically essential transition metal ions have drawn great
concern in the area of supramolecular chemistry.**” Among
the different metal ions, copper is a vital trace element in the
human body, playing a crucial role in many fundamental
physiological processes in living organisms. However, its
deficiency and excess are harmful to human health."*** High
Cu?" concentrations cause oxidative stress and disorders, such
as Alzheimer’s, Wilson’s, and Menke’s diseases.”’ Hence, an
easy and effective method for the detection of Cu®* ions,
predominantly in a sol—gel medium, is desirable.

The development of PSOGs to efficiently remove aromatic
compounds and dyes is still of strong interest in material
science. Based on these particular applications, eco-friendly low
molecular weight phase-selective sugar-based organogelators
have been developed and their gelation behavior has been
studied in various solvents, fuel oils, and a mixture of solvents.
These gelators also exhibit selective sensing of Cu** ions in the
gel state via gel—sol phase transformation. To support our
experimental findings, we corroborated our experimental
results with DFT calculations. The gelators presented in this
work are designed to have long alkyl chains and aromatic
structures, which form gels rapidly in most of the aliphatic as
well as aromatic solvents. They could serve as a highly efficient
agent to remove oil spills and water-soluble dyes to purify
polluted water in a practical situation.

B RESULTS AND DISCUSSION

O-Alkylaminobenzoate-based N-glycosylamines (G8—G13)
were synthesized from 4-nitrobenzoyl chloride (1) by adopting
the literature procedure (please refer to the Supporting
Information).”’  N-Glysylamines of O-alkylaminobenzoates
(G8—G13) were synthesized from O-alkylaminobenzoate
derivatives 5—7 and 4,6-O-protected D-glucose (a—c) (Scheme
1) in good yield. All of the new O-alkylaminobenzoate-based
N-glycosylamine derivatives (G8—G13) were identified
through different spectral techniques.

The formation of alkyl 4-aminobenzoate was confirmed by
nuclear magnetic resonance (NMR), high-resolution mass
spectrometry (HR-MS), and Fourier transform infrared (FT-
IR) techniques (details are provided in the Supporting
Information). The final compounds, G8—G13 were confirmed
by 'H and *C NMR spectroscopy. From the '"H NMR, the
presence of the alkyl chain was confirmed from the peaks that
appeared in the range of 0.60—2.56 ppm. The sugar skeletal
protons resonate around 3.04—6.05 ppm, and the existence of
the f-anomeric form of the glycosidic unit was confirmed from
the triplet appearing in the region of 3.57—5.07 ppm with a

Scheme 1. Synthesis of Alkyl-Substituted N-Glycosylamines
(G8-G13)
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i) Alkylation R= CgHy7, C12H2s, C1gHa3
ii) Reduction R4=H, OAc
iii)Glycosylation R,= CHj3, C;3H;

coupling constant of 6.0—9.0 Hz. The '*C NMR analysis of the
compounds (G8—G13) shows peaks in the range of 13.4—64.1
and 102.6—65.8 ppm corresponding to the aliphatic carbon
and the skeletal sugar carbon. This supports the formation of
the predicted product.

Broad Spectrum of Gelling Abilities. The gelation
ability of six different O-alkyl benzoate-based N-glycosylamine
derivatives was tested in 15 polar and nonpolar organic
solvents, and the results are summarized in Table 1.
Compounds G11, G12, and G13 showed excellent ability to
gelate different aliphatic and aromatic solvents, and these gels
were found to be sturdy at room temperature for more than 1
month (Figure 1).

Protecting groups such as ethylidene and butylidene in the
D-glucose moiety showed a notable change in the gelation
process. In this series of compounds, the N-glycosylamine,
G13, could gelate at a CGC of 0.3%. The gelation ability of
organogelators significantly depends on the gelator—gelator
and solvent—gelator interactions, which involve both specific
and nonspecific intermolecular forces (H-bonding, dipole—
dipole, dipole-induced, and instantaneous dipole-induced
forces (also termed as dispersion forces)). We believe that
the hydroxyl group on the glucose moiety is crucial for gel
formation because it allows participation in intermolecular
hydrogen bonding. In addition to that, the 7—n stacking
interaction of the benzene ring and hydrogen bonding of the
—NH proton is also supportive for gel formation. These gels
exhibit good thermal reversibility with a gel—sol transition
temperature.

In addition, all of the gelators showed high selectivity for the
gelation of organic phases in biphasic systems consisting of
water and aromatic solvents and oils. To study this property, a
phase-selective gelation experiment was conducted (Figure 2).

Gelator G13 (0.3%) shows excellent phase selectivity when
placed in the mixture of water and organic solvents and can be
employed as an effective and recyclable PSOG to simplify the
separation of aromatic solvents from aqueous phases in
biphasic systems. The organic layer was selectively gelled
even when a large volume of water is present.”” The alkyl-
substituted aminobenzoate-based N-glycosylamine selectively
gelates benzene, kerosene, and petrol, which supports the
ability of the synthesized gelators to remove the liquid
petroleum hydrocarbon from contaminated water (Scheme
S1).

Flame Stability. Interestingly, gelator G13 showed
impressive stability against higher temperatures in almost all
alcoholic solvents, hence these gels can be used as safe fuels. A
small piece of the gel of gelator G13 in ethanol was set on fire
with a matchstick. The gel did not produce any smoke,
unpleasant odor, ash, or shoot on burning. Once burnt, the
residue was taken into ethanol, and we could reverse the
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Table 1. Gelation Studies of O-alkyl Benzoate-Based N-Glycosylamines (G8—G13)“

compounds (CGC%)

solvents G8 G9

hexane PG PG
cyclohexane PG G(0.8)
ethyl acetate S S
chloroform PG PG
1,2-dichloroethane S N
ethanol G(0.7) G(0.7)
water I I

DMF S S
DMSO S S
methanol PG PG
toluene G(0.5) G(0.5)
1,2-dichlorobenzene G(0.6) G(0.5)
benzene G(0.7) G(0.7)
petrol G(0.6) G(0.5)
kerosene G(0.6) G(0.6)

G10 G11 G12 G13
IS G(0.9) G(0.9) G(0.9)
S G(0.8) G(0.6) G(0.6)
S S S S

PG PG PG PG

S S S S

S G(0.6) G(0.5) G(0.5)
I I I I

S S S S

S S S S

S PG PG PG

S G(0.4) G(0.3) G(0.3)
S G(0.5) G(0.4) G(0.3)
S G(0.6) G(0.5) G(0.3)
S G(0.6) G(0.5) G(0.50
S G(0.4) G(0.4) G(0.3)

“1, S, PG, and G denote insoluble, soluble, partial gel, and gel, respectively.

Figure 1. Photograph showing the solution to gel transformation of compound G13 (CGC 0.3%): (a) gel derived from benzene and (b) gel

derived from kerosene.

Figure 2. Photographs showing phase selective gelation of gelator
G13 in (a) kerosene—water and (b) benzene—water.

gelation successfully (Figure S2). The cycle of burning and
regenerating the gel was repeated five times to confirm that the
gelator holds the steady memory of the supramolecular
architecture even after burning and can be reused several
times by just adding alcohols at a particular proportion.>

Determination of Gel-Sol Transition Temperature.
The gel—sol transition temperature (Tgs) was determined by
placing the organogel-containing screw-capped glass vial (i.d. =
10 mm) into a thermostated oil bath, and it was gradually
heated and the temperature observed. The temperature at
which the gel melted to the solution was recorded as Ti,.
Above the melting point, the gel converts to the solution, and
upon cooling below Ty, it forms the gel (Figure S3). The
gelation processes are thermoreversible; that is, they can be
transformed to the solution above a specific temperature ( Tgs)
and be reformed upon cooling. The gelation abilities remain
intact even after several repetitions of the sol—gel cycle,
proving the thermoreversible nature of the gels. Upon
increasing the concentration of the gelator, the T,, value
increases, which designates the stability enhancement of the gel
at high gelator concentrations. In the gel state, the gels form
aggregates, whereas in the sol phase, the ag?egates are
dissociated into discrete molecules of the gelator.”*

Organogel Morphology. To obtain visual insights into
the self-assembly, dry samples of organogels have been
prepared at the concentration of their respective CGC and
were subjected to field-emission scanning electron microscopy
(FE-SEM). Low molecular weight organogels can be self-
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Figure 3. FE-SEM images of compound G13 in benzene with different magnification: (a) S ym and (b) 1 um.
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Figure 4. Change in absorbance of (a) Rhodamine B (RhB), (b) Crystal Red (CR), Methyl Orange (MO), (c,d) RhB/MO mixture (1:1, v/v), and
(e) RhB/CR mixture (1:1, v/v) by the benzene gel of G13 (0.4%) ([dye] = 3.5 X 107> M).

assembled under the driving force of the noncovalent
interaction. FE-SEM images of compound G13 in benzene
exhibited a fibrous 3D network pattern (Figure 3).

Dye Removal. One of the emerging research fields is
developing robust methods to remove toxic dyes from
contaminated water. Our preliminary findings show that the
synthesized gelators can act as a PSOG for extracting aromatic
compounds from water. It is thus expected that the self-
assembled three-dimensional networks of organogels could
entrap and arrest the toxic dye molecules from water by
forming gels.>>*® It was observed that the gel obtained from
G13 selectively absorbs cationic toxic dyes such as Crystal
Violet (CV) and Rhodamine B (RhB) from the water with
98% removal efficiency within 24 h (calculated from UV—vis
absorption curves, Figure S4). Moreover, further experiments
showed that these gels can selectively remove cationic dyes
from a mixture of cationic and anionic dyes from water (Figure
4).

39313

To check the feasibility of pollutant dye removal, a 0.4% gel
of gelator G13 in benzene was added to the surface of an
aqueous 3 mL solution of CV dye. The solution was stored at
room temperature without any turbulence. Attractively, it was
observed that the aqueous layer gradually started fading
(Figure Sa—d). The UV/vis absorption spectra of the aqueous
CV dye solution (it exhibits a maximum absorption wavelength
at 587 nm) at different time intervals are shown in Figure S6
(please refer to the Supporting Information). Figure Se shows
the absorption spectra of CV dye in aqueous solution before
and after the treatment with G13 PSOG, and the absorptivity
is estimated to be 97.50%, calculated from eq 1 (please refer to
the Supporting Information).”” All of the newly synthesized
gelators were tested for dye removal, and the results are
tabulated in Tables S1 and S2 (please refer to the Supporting
Information). It can be speculated that the hydrophobic
interaction between the aromatic moieties in the gelators and
the dye molecules is the key driving force for dye adsorption.
Upon increasing the alkyl chain length of the gelator molecule,
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Figure 6. FE-SEM images of compound G13 (a) before and (b) after the removal of the dye.

the dye removal efficiency increased (Tables S1 and S2). The
existence of both the hydrophilic hydroxyl head and the
hydrophobic alkyl chains in the compound structure is highly
advantageous for accommodating organic dyes out of the water
(a schematic diagram of the mechanism for the removal of dye
has been given in Figure SS). In addition, the large surface area
of the self-assembled fibrous network is a critical factor for
entrapping the dye molecules with high efficiency. Recycling of
the gelator was carried out using methanol as a solvent, and the
recovered gelator was further used to remove the dye five
times, as shown in Figure S7. From the bar diagram, it has
been found that the dye removal capability of the gelator
decreases slightly in each adsorption—desorption process (see
the Supporting Information for more details).

The FE-SEM images of gelator G13 before and after the
removal of the dye were recorded and are shown in Figure 6.
After removal of the dye, the morphology of the gelator was

39314

changed from a fibrous pattern to a flake-like pattern. We
assume that during the dye removal process a small amount of
dye has been entrapped in the gelator; therefore, the removal
efficiency decreases during each cycle, and it causes changes in
morphology. This result demonstrated that the gelator has very
good recyclability for dye removal and can be used as a good
contender for water purification. Moreover, it is easy to use,
reusable, and can be applied to the large-scale treatment of
wastewater.

Adsorption Kinetics and Thermodynamics Studies.
Adsorption studies of CV dye onto the gels were analyzed by
applying pseudo-first-order and second-order models and also
Langmuir and Freundlich isotherms.® Figure 7a,b shows the
plots for the two different adsorption kinetic models, and the
constant values are calculated and summarized in Table S3
(please refer to the Supporting Information). The pseudo-first-
order adsorption kinetics assumes that the dye adsorption rate
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Figure 7. (a) Pseudo-first-order adsorption kinetics, (b) pseudo-second-order adsorption kinetics, (c) Langmuir adsorption isotherm, and (d)

Freundlich adsorption isotherm.

is directly proportional to the number of unoccupied sites.
However, the equation is not well fitted, and the calculated
value of the equilibrium adsorption capacity is quite different
from the experimental value. The correlation coefficient (R?)
of the pseudo-second-order adsorption kinetic equation of
G13 is larger than 0.98, but the value of the equilibrium
adsorption capacity of the pseudo-first-order is not in good
agreement with the experimental value. This result shows that
the pseudo-first-order model was not suitable for fitting the
adsorption of dyes.

The adsorption isotherms show the relationship between the
adsorbate concentration after the equilibrium between solid
and liquid phases, which can be used to characterize the
adsorption capacity of gel for CV dye. Figure 7¢,d and Table
S4 (please refer to the Supporting Information) show that the
Langmuir adsorption isotherm is more suitable than the
Freundlich adsorption isotherm. The calculated value of
equilibrium adsorption capacity is close to the experimental
value. The R* value close to 1 (0.9995) and small deviation
between calculated q (24.4 mg/g) and experimental q (23.4
mg/g) indicated that monolayer adsorption occurs on the
adsorbent surface with identical homogeneous sites.

Effect of Contact Time on Adsorption of CV Dye. The
effect of contact time on the adsorption capacity of G13 for
CV dye, Q, is given in Figure 8. The result shows that, as
contact time increases from 1 to 36 h, the adsorption capacity
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Figure 8. Effect of contact time on the adsorption of CV dye onto the
gel derived from G13 in benzene.

sharply increased from 1.44 mg/g (1 h) to 2.18 mg/g (8 h)
and, after that, only increased sluggishly and remained stable
around 2.34 mg/g from 12 to 36 h. Based on the result, rapid
uptake of CV dye by G13 happens during early contact time
due to an abundance of adsorption sites on the gel surface.
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Figure 9. Photograph of the solution to gel transformation of G13 and Cu**-induced conversion of gel to the solution (toluene, 0.3%).
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Figure 10. (a) Change in absorbance of G13 (¢ = 10 uM) upon addition of 0—2.5 equiv of Cu®* (¢ = 1.0 X 107> M). Inset: UV—vis absorption
spectral changes during titration of G13 (10 uM) with 0—2.5 equiv of Cu®* at 290. (b) Change in absorbance of G13 upon gradual addition of all

metals (c = 1.0 X 10~ M) in EtOH-H,0 (2:1, v/v).

Metal lon Responsive Behavior in the Gel State. The
metal ion responsiveness of the gel was studied by adding
ethanolic solutions of metal ions (Ba>*, Fe**, Co**, Ni**, Zn*',
Cu®*, Mn**, Cd*, Ca**, Mg**, Hg**, Pb*'; all were used as
nitrate salts (¢ = 0.05 M)) to the toluene gel of G13 (0.3% w/
v). Among the different metal ions, only Cu* disrupted the gel
to the sol immediately after being shaken (Figure 9). A
minimum of 0.3 equiv of Cu** was adequate to induce the gel-
to-sol transformation, and it took only about 1 min for
complete disruption of the gel. We believe that the —NH
groups which are involved in the coordination of Cu*" rupture
the aggregation.

Metal lon Interaction in Solution. Absorption titration
of G13 (¢ = 10 uM) was carried out with different metal ions
(nitrate salts of Ba>*, Fe>*, Co*', Ni**, Zn**, Cu®*, Mn**, Cd**,
Ca’, Mg*, Hg*", and Pb**) in EtOH-H,0 (9:1, 10 mL)
mixture. An absorbance band at 290 nm was observed in the
spectrum of G13. With the addition of Cu®* to G13, the
absorption intensity of the peak at 290 nm was increased
gradually, but the addition of other metal ions to G13 induced
a negligible absorption change. These results suggest that G13
has a good selectivity to Cu®" ions (Figure 10a,b).

A competitive experiment was performed by adding 10 uM
Cu®* to the solution of G13 (20 uM) in the presence of an
equimolar concentration of various metal ions including Ba*,
Fe3+, C02+, Niz+} Zn2+, Cu2+, Mn2+, Cd2+, Ca2+, Mg2+, Hg2+,
and Pb*". As depicted in Figure S8a (please refer to the
Supporting Information), except for Cu®, other competitive
metal ions did not produce a significant absorption change.
Upon addition of Cu*" to the solution of G13 in the presence
of other metal ions, a significant increase in absorption at about
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290 nm is noticed. These results reveal that the recognition of
Cu®* by G13 is not influenced by other competitive metal ions
(Figure S8b; refer to the Supporting Information).

To confirm the binding sites of sensor responses of G13, the
stoichiometry of G13 + Cu®* was calculated through Job’s plot,
as shown in Figure S9 (refer to the Supporting Information).
The stoichiometry of G13 was established by Job’s plot
between the mole fraction and relative intensity changes at 290
nm. The absorbance at 290 nm obtained a maximum when the
molar fraction was 0.70, which suggests a 1:2 stoichiometry for
the Cu**—G13 complex. We examined the reversibility of the
sensor using disodium salt of ethylenediaminetetraacetic acid
(Na,EDTA). The addition of Cu** to G13 resulted in an
increase in the absorbance intensity at 290 nm, indicating the
binding of the metal ion (Figure S10; refer to the Supporting
Information). The addition of Na,EDTA to a mixture of G13
and Cu®* resulted in a decrease in the absorbance intensity at
290 nm, indicating the regeneration of the free G13. The
absorbance intensity was recovered by the addition of Cu®*
again. This makes the molecule reusable and interesting for
real-time applications to sense Cu®" ions. The detection limits
of G13 toward Cu®" were determined through UV-—vis
titration (limit of detection = 6.96 uM). The calibration
curves for the determination of detection limits are given in the
Supporting Information (Figure S11). The G13 sensor was
compared with the reported Cu’* chemosensor in the
literature, as shown in Table S5. Our sensor G13 is more
advantageous than the reported chemosensor of Cu*'.

Computational Studies. Nowadays, material character-
ization methods under a big data environment and several
diseases such as Parkinson’s disease, cardiovascular disease, or
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A

Figure 12. (A) Optimized geometry of G13 dimer. (B) Partial '"H NMR spectra of 15 mg of G13 in 0.6 mL of DMSO-dj as the temperature

increased from 25 to 70 °C.

coronavirus infection have been analyzed by making use of
machine learning through artificial intelligence.””** Similarly,
by implementing computational science and making use of
mathematical models, one can solve any scientific problems
easily and also can prove or support an experimental result.’’
Using DFT calculations, some of our experimental findings
have also been investigated by computational methods.
Compound G13 is characterized by the largest linear
dimensions, obviously related to the length of the alkyl chain
(Figure S12), which is important for the van der Waals
interactions between the gelator molecules leading to the
formation of a three-dimensional gel structure. To have an
insight into the association model of the molecules, the
geometry of dimers was optimized. Based on the DFT
calculations, a possible self-assembly mechanism for the two-
component gelators was proposed, as shown in Figure 11. We
assume G13 molecules appeared to exhibit two types of
intermolecular interactions: (1) interactions between hydroxyl
groups and ring oxygen of glucose and (2) van der Waals
forces between alkyl chains. The primary intermolecular
interaction for G13 was an expected polar (i.e., hydrogen
bonding) interaction between the —OH and the —NH groups
with a nearby ring oxygen. Illustrations of representative dimer
interactions are found in Figures S13.

To quantify the magnitude of intermolecular interactions
between molecules within the gel, the energies of the monomer
and dimer were calculated using the counterpoise method of
Boys and Bernardi.’” The effect of counterpoise correction
(basis set superposition error) on the geometries was taken
into account. The correction is applied to recalculate the
binding energy of the dimer. The highest interaction energy
(AE = —31.50 kcal/mol) occurs when the molecules are
arranged parallelly, as shown in Figure 12A. Hydrogen bonds
and C—H---7 stacking interactions play a significant role in this
configuration. The values of calculated interaction energies of
G10—G13 dimers are equal to —28.48, —26.91, —20.66, and
—31.28 kcal/mol, respectively. The hydrogen bonding in gel
formation was also confirmed by the upshifted signals of —NH,
and —OH,, and —OH, protons from 5.96, 5.34, and 5.20 ppm
to 5.66, 4.94, and 4.64 ppm as the temperature increased from
25 to 70 °C in '"H NMR spectroscopic analysis (Figure 12B).
The set of hydrogen bonds significantly affects the stability of
the gel. On the other hand, the impact of z-stacking
interactions is relatively small, which can be deduced from
the calculated energy value shown in Figure S13C (refer to the
Supporting Information).

From the molecular conformation and electrostatic potential
map in Figure 13, it can be seen that the dipole moment of
G13 is relatively large (dipole moments of G9—G11 molecules
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Figure 13. Plots of the electrostatic potential of (A) G1 molecule, (B) G1 dimer, and (C) trimer in ethanol solution (the dipole moments are in

units of Debye).
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Figure 14. (A) Optimized structure of [Cu(G13),], (B) partial NMR spectra of G13 with Cu®*, and (C,D) calculated and experimental absorption

spectra of G13 and [Cu(G13),] respectively.

are similar, amounting to about 2.5 D, and s of G12is 2.27 D),
and the polar groups are evenly distributed around the cyclic
part of the molecule. This is beneficial to the formation of
solute—solvent hydrogen bonding interactions in solution. The
magnitude of the dipole moments is enhanced from 4.49 D in
the gas phase to 5.78 D in the ethanol solution. A similar
increase in the dipole moment of the G13 dimer can be seen
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when comparing the calculations in the gas phase with the
ethanol solution (2.55 D in the gas phase and 3.16 D in the
solution). On the other hand, the dipole moment of the G13
dimer is reduced compared to that of the free molecule, which
may suggest a reduction in gelling ability due to the
dimerization of the compound. However, the calculated
interaction energy of the dimer with another G13 molecule
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to form a trimer is significant and amounts to —16.94 kcal/
mol. In addition, due to the shift of one of the molecules in the
trimer, the dipole moment is much greater than that in the
dimer, which favors the gelation ability.

To analyze the interaction between G13 with Cu®* ions, the
geometry of the coordination compound [Cu(G13),], drawn
in Figure 14A, was optimized at the same level as gelator
molecules, and the NMR titration experiment was carried out
to determine the role of the NH proton of glycosylamine in the
binding of Cu®" ions (Figure 14B). In the next step, the
absorption spectrum using the time-dependent DFT method®®
was calculated. Figure 14C,D presents spectra of (theoretical
and experimental) G13 and [Cu(G13),], and there are visible
significant hyperchromic and bathochromic effects for the
band at about 300 nm. Using the counterpoise method, the
binding G13---Cu?** energy was estimated at —170.55 kcal/
mol, which indicates the stability of the [Cu(G13),] complex
(a possible mechanism for the selective detection of Cu®' is
given in Figure S14). The stability of the complex explains the
transformation of the gel into sol after introducing Cu* ions
into the system.

B CONCLUSION

In conclusion, we have designed a series of alkyl-substituted
sugar-aminobenzoate-based organogelators with outstanding
rechargeability. N-Glycosylamine derivatives self-assemble to
form a fibrous-like network, as confirmed using FE-SEM
analysis. Among the six PSOGs, G13 showed excellent
properties. These organogelators show phase-selective gelation
and can gelate various solvents from a solvent—water mixture
at room temperature. Fascinatingly, the gelator was found to
remove cationic dyes efficiently from its aqueous solution,
signifying its substantial role in water purification. The gelator
showed exceptional detection of Cu’* ions by a change of state
from gel—solution as compared to the other metal ions tested.
Computational modeling provided atomic-scale insights into
gel formation and the reason for the gel—sol transformation
and stable [Cu(G13)] complex formation after the addition of
Cu®* metal ions.

B EXPERIMENTAL SECTION

Materials. 4-Nitrobenzoyl chloride, 1-bromooctane, 1-
bromododecane, 1-bromohexadecane, palladium—charcoal
activated (10%), and crystal violet (CV) dye were bought
from Sigma-Aldrich Pvt Ltd. USA and were high purity and
used as received. D-Glucose, silica gel (100—200 mesh),
paraldehyde, acetic anhydride, butyraldehyde, and solvents
were purchased from SRL, India. The metal salts used for
sensing studies were purchased from Alfa Aesar, India. The
solvents used for the gelation studies were HPLC grade. TLC
was performed using silica gel as an adsorbent and viewed
through a UV chamber. Elution solvents used in TLC are
chloroform and methanol.

General Procedure for the Synthesis of Alkoxy Benzoate-
Based N-Glycosylamines (G8—G13). To a solution of alkyl-
substituted aminobenzoate (5—7) (1.2 mmol) in dry ethanol
was added and stirred 4,6-O-protected D-glycopyranoside
(ethylidene and butylidene) (a, b) (1 mmol) for 6 h at
room temperature. After completion of the reaction, the
solvent was evaporated off under reduced pressure. The crude
product was purified by column chromatography.

Synthesis of N’-(4,6-O-Ethylidine-f-p-glucopyranosyl
octyl)-Substituted Benzoate-Based N-Glycosylamine (G8).
Compound G8 was obtained by the reaction of 4,6-O-
ethylidine-f3-p-glucopyranose (a) (1 mmol, 0.27 g) and octyl-
substituted aminobenzoate (5) (1.2 mmol, 0.31 g) in ethanol
as a colorless solid with 79% yield: mp 119—122 °C; '"H NMR
(500 MHz, CDCl, + DMSO-d,, ppm) &y 7.82 (d, ] = 6 Hz,
2H, Ar—H), 7.55 (d, ] = 6 Hz, 2H, Ar—H), 6.05 (s, 1H, Sac-
H), 5.80 (d, J = 3 Hz, 1H, Sac-H), 5.62 (s, 1H, Sac-H), 5.54—
5.49 (m, 2H, Sac-H), 5.43 (t, ] = 6 Hz, 2H, Sac-H), 4.98 (t, ] =
3 Hz, 2H, —NCH,), 4.84 (d, ] = 3 Hz, 1H, Sac-H), 4.75 (t, ] =
6 Hz,1H, Ano-H), 3.99 (m, 3H, Sac-H, —NH), 2.50 (t, ] = 6
Hz, 2H, Ali-CH,), 2.22-2.09 (m, 10H, Ali-CH,), 1.68 (d, J =
6 Hz, Ali-CH,); *C NMR (125 MHz, CDCl, + DMSO-d,
ppm) Sc 166.2, 151.4, 131.1, 118.8, 112.7, 99.1, 85.1, 80.7,
74.0, 74.0, 73.3, 70.1, 68.1, 67.0, 64.1, 62.2, 31.8, 29.5, 29.5,
29.5, 29.4, 29.2, 26.0, 22.6, 20.7, 14.3.

Synthesis of N’-(4,6-O-Butylidine-p-p-glucopyranosyl!
octyl)-Substituted Benzoate-Based N-Glycosylamine (G9).
Compound G9 was obtained by the reaction of 4,6-O-
butylidine-f-p-glucopyranose (b) (1 mmol, 0.27 g) and octyl-
substituted aminobenzoate (6) (1.2 mmol, 0.31 g) in ethanol
as a colorless solid with 82% yield (0.46 g): mp 116—118 °C;
'H NMR (500 MHz, CDCl, + DMSO-d, ppm) &y 7.54 (d,
= 6 Hz, 2H, Ar—H), 6.62—6.45 (d, ] = 6 Hz, 2H, Ar—H), 5.95
(s, 1H, Sac-H), 4.87 (s, 2H, Sac-H), 4.34 (t, ] = 6 Hz, 2H, Sac-
H), 428—4.24 (m, 2H, Sac-H, —NH), 3.96—3.92 (dd, J = 3
Hz, 2H, Sac-H, —CH,), 3.78—3.75 (m, 1H, Sac-H), 3.57 (t,] =
6 Hz, 1H, -Ano-H), 3.17—3.14 (m, 2H, Sac-H), 3.04 (s, 1H,
Sac-H), 1.45 (t, ] = 3 Hz, 2H, Ali-CH,), 1.36—1.32 (m, 4H,
Ali-CH,), 1.31—1.12 (m, 8H, Protec-CH;,Ali-CH,), 1.00 (d, J
= 3 Hz, 2H, Ali-CH,), 0.60 (m, 6H, Ali-CH;); *C NMR (125
MHz, CDCl; + DMSO-dg, ppm) &¢ 166.2, 150.0, 131.2, 130.6,
129.4, 113.6, 112.9, 112.2, 101.7, 92.5, 80.4, 79.8, 73.3, 72.8,
70.0, 68.1, 61.7, 40.2, 35.7, 31.1, 28.6, 28.5, 28.1, 25.4, 22.0,
16.8, 13.5, 13.4.

Synthesis of N’-(Acetyl-Protected 4,6-O-Butylidine-f3-p-
glucopyranosyl octyl)-Substituted Benzoate-Based N-Glyco-
sylamine (G10). Compound G10 was obtained by the reaction
of acetyl-protected 4,6-O-butylidine-f-p-glucopyranose (c) (1
mmol, 0.27 g) and octyl-substituted aminobenzoate (5) (1.2
mmol, 0.32 g) in ethanol as a colorless solid in 76% yield (0.46
g): mp 116—119 °C; 'H NMR (300 MHz, CDCl; + DMSO-
dg ppm) Sy 7.85 (d, ] = 8.4 Hz, 2H, Ar—H), 6.63 (d, ] = 8.4
Hz, 2H, Ar—H), 5.73 (d, ] = 8.1 Hz, 1H, Sac-H), 523 (d,] =
8.7 Hz, 1H, Sac-H), 5.07 (t, ] = 9 Hz, 1H, Ano-H), 449 (t, ] =
6 Hz, 1H, Sac-H), 4.24 (m, 3H, —CH,, -NH), 3.49 (t, J = 6
Hz, 3H, Sac-H), 2.06 (t, ] = 9 Hz, 6H, —OAc), 1.73 (t, ] = 6.9
Hz, 2H, Ali-CH,), 1.59 (t, J = 3 Hz, 2H, Ali-CH,), 1.41—1.28
(m, 12H, —CH,), 0.86 (t, ] = 6 Hz, 6H, Ali-CH,); *C NMR
(75 MHz, CDCl, + DMSO-d,, ppm) & 170.0, 169.5, 168.8,
166.7, 150.7, 131.5, 120.1, 113.7, 102.6, 92.2, 71.8, 71.1, 67.8,
67.1, 64.5, 35.9, 31.7, 29.2, 29.1, 28.8, 26.6, 207, 20.6, 20.5,
17.3, 14.0, 13.7.

Synthesis of N’'-(4,6-O-Ethylidine-f-p-glucopyranosyl do-
decyl)-Substituted Benzoate-Based N-Glycosylamine (G11).
Compound G11 was obtained by the reaction of 4,6-O-
ethylidine-f-p-glucopyranose (a) (1 mmol, 0.4 g) and dodecyl-
substituted benzoate-based amine (6) (1.2 mmol, 0.42 g) in
ethanol as a colorless solid in 68% yield (0.73 g): mp 116—119
°C; 'H NMR (300 MHz, CDCl, + DMSO-d, ppm) &y 7.75
(d, ] = 8.1 Hz, 2H, Ar—H), 6.63 (d, ] = 8.4 Hz, 1H, Ar—H),
6.28 (s, 1H, Ar—H), 5.14 (s, 1H, Sac-H), 4.95 (s, 1H, Sac-H),
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4.72 (d, J = 4.8 Hz, 2H, Sac-H), 4.60 (m, 1H, Sac-H), 4.20 (t, ]
=3 Hz, 2H, —CH,), 4.11—4.00 (m, 2H, Sac-H, —NH), 3.90—
3.79 (m, 1H, Sac-H), 3.47 (t, ] = 9.6 Hz, 3H, Ano-H, Sac-H),
1.71 (t, ] = 3 Hz, 4H, Ali-CH,), 1.34 (d, ] = 4.8 Hz, 3H,
Protec-CHj;), 1.25—120 (m, 20H, Ali-CH,), 0.87 (t, ] = 6. Hz,
3H, Alkyl-CH;); *C NMR (75 MHz, CDCl; + DMSO-d,,
ppm) 8¢ 166.2, 151.7, 130.8, 117.8, 112.8, 98.8, 97.0, 92.6,
80.5, 79.8, 75.5, 72.9, 70.1, 68.1, 67.7, 65.8, 63.6, 61.5, 31.3,
29.0, 289, 289, 28.7, 282, 25.5, 224, 20.2, 14.3; HR-MS
(BSI) m/z caled [M + 2]* 492.31123, found 494.31158.

Synthesis of N’-(4,6-O-Butylidine-f-p-glucopyranosyl do-
decyl)-Substituted Benzoate-Based N-Glycosylamine (G12).
Compound G12 was obtained by the reaction of 4,6-O-
butylidine-f-p-glucopyranose (b) (1 mmol, 0.27 g) and
dodecyl-substituted aminobenzoate (6) (1.2 mmol, 0.31 g)
in ethanol as a colorless solid in 71% (0.46 g) yield: mp 98—
101 °C; "H NMR (300 MHz, CDCl; + DMSO-dg, ppm) 5y
7.78 (d, J = 8.1 Hz, 2H, Ar—H), 6.63 (d, ] = 8.4 Hz, 1H, Ar—
H), 6.20 (s, 1H, Ar—H), 5.16 (s, 1H, Sac-H), 4.76 (s, 1H, Sac-
H), 4.55 (s, 2H, Sac-H), 4.38 (s, 1H, Sac-H), 4.22 (d, ] = 6.0
Hz, 2H, —NCH,), 4.13—4.03 (m, 1H, Sac-H, -NH), 3.85 (t, ]
=9 Hz, 2H, Ano-H, Sac-H), 3.30—3.19 (m, 2H, Sac-H), 1.72—
1.60 (m, 4H, Sac-CH,), 1.46—1.413 (m, 4H, Ali-CH,), 1.26—
1.02 (m, 16H, Ali-CH,), 0.96 (t, J = 5.7 Hz, 6H, Ali-CH,); *C
NMR (75 MHz, CDCl; + DMSO-dg, ppm) & 166.2, 151.3,
130.8, 118.2, 112.9, 101.7, 96.9, 92.5, 91.0, 80.4, 70.2, 68.2,
63.7, 61.7, 35.7, 31.3, 29.0, 28.9, 28.9, 28.7, 28.2, 25.5, 22.0,
16.6, 14,4; HRMS (ESI) m/z caled 522.34253, found
522.34299.

Synthesis of N’-(4,6-O-Ethylidene-f-p-glucopyranosyl
hexadecyl)-Substituted Benzamide Based N-Glycosylamine
(G13). Compound G13 was obtained by the reaction of 4,6-O-
butylidine-f-p-glucopyranose (b) (1 mmol, 0.27 g) and
hexadecyl-substituted aminobenzoate (7) (1.2 mmol, 0.32 g)
in ethanol as a colorless solid in 66% (0.658 g) yield: mp 106—
109 °C; 'H NMR (300 MHz, CDCl + DMSO-ds, ppm) Sy
7.82 (d, J = 8.4 Hz, 2H, Ar—H), 7.72 (d, ] = 8.7 Hz, 2H, Ar—
H), 6.29 (d, ] = 6.6 Hz, 1H, - Ar—H), 5.13 (s, 1H, Sac-H), 4.92
(s, 1H, Sac-H), 4.73 (t, ] = 5.4 Hz, 1H, Sac-H), 4.61 (t, ] = 7.5
Hz, 1H, Sac-H), 421 (t, ] = 6.6 Hz, 2H, Sac-H), 4.12 (m, 1H,
—NH), 3.70 (t, ] = 9 Hz, 1H, Ano-H), 3.54—3.40 (m, 4H, Sac-
H), 3.34—3.25 (m, 2H, Sac-H), 1.72 (t, ] = 7 Hz, 2H, —CH,),
1.37-1.33 (t, ] = 6 Hz, 9H, Ali-CH,), 1.25 (m, 20H, —CH,),
0.88 (d, J = 5.7 Hz, 6H, —CHj,); *C NMR (75 MHz, CDCl, +
DMSO-d, ppm) 8¢ 166.1, 150.0, 130.6, 119.4, 112.2, 98.9,
85.2, 80.5, 73.5, 73.3, 70.1, 67.7, 66.6, 63.8, 61.5, 31.3, 29.0,
29.0, 28.9, 28.7, 28.2, 25.5, 22.0, 19.9, 13.6; HR-MS (ESI) m/z
calcd 550.37383, found 550.37353.

Stable-to-Inversion Method for Minimum Gelation
Concentration (MGC) Determination. The MGCs of the
gelators were determined using a dilution method. Ten
milligrams of each gelator was added to 1 mL of solvent in a
screw-capped glass vial and heated to obtain a homogeneous
solution and cool it to room temperature. Then the formed gel
system was gradually diluted with a particular volume of the
tested solvent, and the heating—cooling procedure was
repeated until no gel was formed. The final concentration at
which the gel state remained with no flow observed after
inverting the sample vial was recorded as the MGC value in the
% w/v (mg/100 uL) unit.

Phase-Selective Gelation. Phase-selective gelation experi-
ments were performed using petrol, kerosene, benzene oils (1
mL), and water (1.0 mL) in a ratio of 1:1. The gelator G13 (3

39320

mg) was added to a mixture of kerosene—water and benzene—
water and dissolved upon heating. After being cooled to room
temperature, gelation occurred while the aqueous phase
remained intact. As shown in Figure 3, the gels are sufficiently
firm to hold the water layer up. The oil layer was completely
congealed within 5 min.

Dye Removal Experiment. Experiments were performed
to investigate the absorption capability of synthesized PSGs
toward CV from an aqueous solution. Different concentrations
of CV (0.01—0.12 M) were prepared and mixed with the gel
G13 (benzene) sample (0.004 g, 0.01 mmol) separately. The
plot of absorbance versus concentration of the dye solution
was drawn according to the absorbance at 587 nm of the
different dye concentrations at different time intervals (0—24
h) (Figure S4). The decrease in intensity of the peak occurs
with time, which indicates the removal of CV from aqueous
solution by superabsorbent PSG and becomes constant at
equilibrium.

UV-Vis Titrations. G13 (0.01 mmol) was dissolved in the
ethanol—water solvent mixture (9:1, 10 mL), and 30 uL of it
was diluted to 3 mL with the solvent mixture to make a final
concentration of 10 uM. Cu(NO;), (0.1 mmol) was dissolved
in 10 mL of triple distilled water, and 1.5—-90 L of the Cu?*
ion solution (10 mM) was transferred to the solution of L (10
UM) prepared above. After being mixed for a few seconds,
UV—vis spectra were obtained at room temperature.

Job Plot Measurements. G13 (0.01 mmol) was dissolved
in ethanol (10 mL), and 100, 90, 80, 70, 60, 50, 40, 30, 20, 10,
and 0 uL of the L solution was taken and transferred to the
vials. Each vial was diluted with 2.9 mL of a mixed solvent.
Cu(NO;), (0.01 mmol) was dissolved in triple distilled water
(10 mL), and 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 uL
of the Cu®* solution was added to each diluted G13 solution.
Each vial had a total volume of 3 mL. After being shaken for a
minute, the absorbance spectra were obtained at room
temperature.

Computational Studies. DFT calculations were per-
formed in order to characterize the carbohydrate gelators
and consider the simple dimeric model of the molecules. The
analysis of the geometry of the dimer allowed us to estimate
the strength of the intermolecular interactions responsible for
the gel formation. Geometries of the compounds were
optimized using the B3LYP functional®*®® augmented with
Grimme diffusion correction and GD?)BJ66 and 6-31G(d,p)
basis sets.”” The calculations were carried out with the
Gaussian 16, revision C.01.°® The continuum solvation model
PCM®® was used to describe the solvent (ethanol) effect.
Based on the calculated geometries, the length of the
molecules was determined.
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