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Abstract: The structural modification of existing supramolecular architecture is an efficient strategy
to design and synthesize supramolecular gels with tunable and predictable properties. In this work,
we have modified bis(pyridyl urea) compounds with different linkers, namely hexylene and butylene,
to their corresponding bis(pyridyl-N-oxide urea). The gelation properties of both the parent and
the modified compounds were studied, and the results indicated that modification of the 3-pyridyl
moieties to the corresponding 3-pyridyl-N-oxides induced hydrogelation. The stability of the parent
and modified compounds were evaluated by sol-gel transition temperature (Tgel) and rheological
measurements, and single-crystal X-ray diffraction was used to analyze the solid-state interactions
of the gelators. The morphologies of the dried gels were analyzed by scanning electron microscopy
(SEM), which revealed that the structural modification did not induce any prominent effect on the gel
morphology. The stimuli-responsive behavior of these gels in the presence of salts in DMSO/water
was evaluated by rheological experiments, which indicated that the modified compounds displayed
enhanced gel strength in most cases. However, the gel network collapsed in the presence of the
chloride salts of aluminum(III), zinc(II), copper(II), and cadmium(II). The mechanical strength of the
parent gels decreased in the presence of salts, indicating that the structural modification resulted in
robust gels in most cases. The modified compounds formed gels below minimum gel concentration
in the presence of various salts, indicating salt-induced gelation. These results show the making
and breaking ability of the gel network in the presence of external stimuli (salts), which explains the
potential of using LMWGs based on N-oxide moieties as stimuli-responsive materials.

Keywords: LMWGs; stimuli-responsive; structural modification; pyridyl urea; pyridyl-N-oxide

1. Introduction

Stimuli-responsive low molecular weight gelators (LMWGs) [1–5] are an excellent
class of soft materials because the gelation properties can be switched on/off by an external
stimulus, such as heat, light, sound, redox, pH, and salts/ions. These semi-solid materials
with unique physical properties display various applications [6–13] in catalysis, cell culture,
crystal growth media, drug delivery, tissue engineering, and sensing and dynamic gels.
The supramolecular architecture of LMWGs (3-D network) is fabricated by the molecu-
lar self-assembly of the gelator with entrapped solvent molecules, which is stabilized by
various non-bonding interactions [12,14–18], such as hydrogen bonding, van der Waals
interactions, π-π stacking, etc. Various analytical techniques (spectroscopic, microscopic,
and X-ray diffraction) [19–23] have been used to study the mechanism of gelation, and
X-ray diffraction methods have been proven to be one of the promising tools in under-
standing the gelator structure and its aggregation behavior [24–28]. However, predicting
the gel structure or controlling the gel state properties is difficult because of the dynamic
nature of the non-bonding interactions, leading to low molecular order in the overall gel
state [12,14–18,29]. Thus, understanding the molecular self-assembly of supramolecular
gels is a challenging task, enabling us to design LMWGs with predictable properties. The
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role of specific interactions in gel formation can be analyzed by modifying the functional
groups of LMWGs that play an important role in gel network formation.

The modification of these functional groups will lead to the alteration of specific
interactions arising from the particular functional group, which can be considered as an
excellent strategy to evaluate the role of specific interactions in gel formation [30,31]. For
example, Zinchuan et al. have synthesized a cholesterol-based dendrimer gelator from
the parent terminal alkyne-based gelator and have shown that the modified compounds
formed gel in polar solvents compared to the parent compound, which only formed gel in
nonpolar solvents [32]. McNeil’s group has developed nitrite sensor-based LMWGs from a
known azosulfonate gelator scaffold [33]. We have shown that the tris(pyridyl-N-oxide)
gelator obtained by modifying trimesic amide-based LMWG can be used as a crystallizing
medium for copper(II) isonicotinate–N-oxide complex [34]. The gelation properties of the
parent and the modified gelators were compared to analyze the importance of specific inter-
actions and the nature of the functional groups in tuning gelation properties by modifying
pyridyl groups of N–(4–pyridyl)isonicotinamide to N–oxide groups [31]. The compounds
with N–oxide groups have several advantages over the parent pyridyl-N atom due to the
presence of additional lone pairs in the N-oxide moiety, which could lead to enhanced
interactions with solvent/guest molecules. For example, Xu et al. showed that modified
metal-organic frameworks with N-oxide moieties displayed enhanced C2H2 and CO2 ad-
sorptions [35]. Compounds with pyridine-N-oxide moieties are an excellent organocatalyst
in various racemic and enantioselective reactions and act as oxidant in various oxidation
reactions [36]. We have also modified pyridyl mono(urea)-based compounds [25] to pyridyl-
N-oxide mono(urea) compounds and showed that the modified compounds formed highly
resistant gels towards inorganic salts/ions [30]. We have successfully correlated the solid-
state interactions with the gelation properties in mono(urea) LMWGs [30], which prompted
us to evaluate the effect of structural modification in bis(pyridyl urea)-based compounds.

The gelation properties of bis(pyridyl urea) compounds have extensively been studied
due to their ease of synthesis, cost-effectiveness, flexibility towards structural modifica-
tion, and stimuli-responsive properties [29,37–39]. The presence of pyridyl groups could
enhance the stimuli-responsive properties of bis(pyridyl urea) LMWGs in the presence
of salts/ions [38]. The addition of salts could alter the non-bonding interactions, which
might disrupt the self-assembly of the gelator constructively, by triggering gelation [40–42],
or destructively, leading to gel dissolution [4,5]. The electrostatic interaction associated
with the ions and the acidic/basic properties of the cations/anions plays a significant
role in the interaction between the gelator and the salt [5,43]. Furthermore, the functional
groups in a gelator also play a vital role, which acts as a binding or reaction site towards
salts/ions [43,44]. Yang et al. reported the fluoride ion-induced gel-sol transition in a
naphthalene-based bis(urea) gelator and have shown that the process can be reversed by
adding trifluoroacetic acid [45]. The detection of iodide ions by bis(pyridyl urea) gels in
the presence of various other anions was reported by Ghosh et al. [46]. Piepenbrock et al.
reported the silver salt-induced gelation of bis(pyridyl urea) in tetrahydrofuran–water mix-
tures [47]. Thus, LMWGs based on bis(pyridyl urea) are excellent stimuli-responsive soft
materials. In this work, we will evaluate the stimuli-responsive properties of bis(pyridyl
urea) and the modified compounds in the presence of various cations and anions.

2. Results and Discussion
2.1. Design and Synthesis

The modification of the pyridyl functionality in pyridyl urea-based compounds could
alter the N—H· · ·N interactions to N—H· · ·O interactions. Recently, we have shown
that modifying pyridyl groups to the corresponding pyridyl-N-oxides [30] can restore
the N—H· · ·O interactions, leading to enhanced gelation ability. In this work, we have
selected bis(pyridyl urea)-based compounds (3-HBU [29], 3-BBU [48], 4-HBU, and 4-BBU;
see Scheme 1) as the parent compounds. The structural modification of these compounds
will enable us to study the effect of functional group modification on the gelation properties
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of bis(pyridyl urea) systems and the specific role of N—H· · ·O/N—H· · ·N synthons in
gel formation. The linker in bis(urea) compounds also plays an important role in gel forma-
tion by influencing the spatial arrangements of the functional groups and tuning the hy-
drophilic/hydrophobic interactions [8,49]. Thus, we have selected hexylene and butylene-
based linkers connected to the 3-pyridyl/4-pyridyl urea moieties (Scheme 1). The hexylene
linked bis-ureas (3-HBU and 4-HBU) were synthesized by reacting 3–aminopyridine/4–
aminopyridine with hexamethylene diisocyanate (Scheme S1) [29]. The butylene analogs
(3-BBU and 4-BBU) were obtained from the reaction of 1,4-diaminobutane and 3-pyridyl
isocyanate/4-pyridyl isocyanate (Scheme S2). The oxidation of the pyridyl groups to
pyridyl-N-oxide by 3–chloroperoxybenzoic acid (Scheme S3) resulted in compounds 1–4
(Scheme 1).
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2.2. Gelation Experiments

The gelation studies of the parent bis(pyridyl urea) compounds and the modified
N-oxides were performed in various solvents/solvent mixtures. A standard procedure
was followed for gelation experiments, 1.0 mL of the corresponding solvent was added
to 10.0 mg of the compound in a standard 7.0 mL sealed vial, and the mixture was heated
to obtain a clear solution, which was cooled to room temperature and left undisturbed
for 24.0 h. Gelation was not observed for all the compounds at this concentration, which
prompted us to perform the gelation test at a higher concentration (up to 5.0 wt/v%; Table
S1). A vial inversion test was performed to confirm the gelation, and the gelation test indi-
cated that both the parent and modified compounds were insoluble in hydrocarbons, such
as toluene, xylenes, and mesitylene, and polar aliphatic solvents (THF, 1,2-dibromoethane,
and acetonitrile). The modified N-oxide compounds were found to be less soluble in or-
ganic solvents but more soluble in water, which can be attributed to the strong hydrophilic
interactions of the N-oxide moiety.

The parent bis(pyridyl urea) compounds were insoluble in water, but the modified
compounds 1, 3, and 4 formed hydrogels at 2.0, 3.0, and 7.0 wt%, respectively, indicating
that the structural modification has induced hydrogelation (Figure 1). We have also
analyzed the gelation properties in mixed aqueous solvents (Table S1), and compounds
3-HBU, 3-BBU, and 3 formed gels in DMF/water (1:1, v/v). Gelation was also observed
in a DMSO/water (1:1, v/v) and ethylene glycol (EG)/water 3:7 (v/v) mixture for 3-
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HBU, 3-BBU, 1, and 3. However, gelation was not observed for the 4-pyridyl derivatives
(4-HBU and 4-BBU) and 2 in the above solvents/solvent mixtures (Table S1), indicating
the importance of relative positions of the functionalities in gel formation [24,37].
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The relative gelling ability and thermal stability of the parent and modified gels were
analyzed by comparing the minimum gel concentration (MGC) and sol-gel transition
temperature (Tgel) experiments, respectively. MGC is the minimum concentration of the
compound, which is required to form a stable gel under ambient conditions. We have
chosen DMSO/water (1:1, v/v) and EG/water (3:7, v/v) as the solvent systems since both
parent (3-HBU and 3-BBU) and modified compounds (1 and 3) formed gels in these solvent
mixtures. The MGC of compound 1 was found to be 3.8 wt/v% in DMSO/water (1:1, v/v),
which is slightly less than the MGC of 3-HBU (4.0 wt/v%) (Table S2). Compound 3 formed
gel at a lower concentration compared to 3-BBU in all cases. Thus, the functional group
modification led to a decrease in MGC of the pyridyl-N-oxide compounds. We have also
analyzed the effect of the hexylene and butylene linkers, which indicated that increasing
the alkyl chain length resulted in lower MGC (Table S2).

2.3. Thermal Stability

The gel-to-sol transition temperature (Tgel) was recorded to compare the thermal sta-
bility of the modified gelators with the parent compounds. The thermal stability of 3-HBU
was found to be very high in comparison with gelator 1 in both DMSO/water (1:1, v/v)
and EG/water (3:7, v/v). A similar trend was observed for 3-BBU in comparison with
compound 3, where the Tgel value of 3-BBU was found to be considerably higher (Table 1).
Thus, the modification of functional groups could alter the thermal stability, which indi-
cated that the nature of the functional groups played an important role in determining
the thermal stability of the gel network. The thermal stability of LMWGs also depends on
the linkers, and we have compared the Tgel of hexylene and butylene-based compounds.
These results indicated that the hexylene-based 3-HBU gel was more thermally stable than
the butylene-based 3-BBU in 1:1 (v/v) DMSO/water. A similar trend was observed for
the modified compounds (1 and 3) in DMSO/water (1:1, v/v), but a reverse trend was
observed in EG/water (3:7, v/v) (Table 1), indicating that both linkers and solvents played
a vital role in dictating the thermal stability of LMWGs.
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Table 1. Determination of sol-gel transition temperature (Tgel).

Solvent
Tgel (◦C)

3-HBU 3-BBU 1 3

Water — — 85.8 * 67.8 *

Ethylene glycol 69.9 * — — —

DMSO: water (1:1, v/v) 94.4 # — 62.8 # —
99.3 ## 96.6 ## 65.9 ## 61.9 ##

DMF: water (1:1, v/v) 84.8 ## 93.3 ## — 55.6 ##

EG: water (3:7, v/v) 93.9 # — 59.1 # —
98.4 ## 104.8 ## 64.2 ## 68.7 ##

* = 3.0 wt/v%, # = 4.0 wt/v%, ## = 5.0 wt/v%.

2.4. Rheology

The mechanical and solid-like properties of the bis(pyridyl-N-oxide urea) gels and
the corresponding parent gelators were evaluated using rheology [50,51]. The mechanical
strengths of 3-HBU and gelator 1 were measured at 5.0 wt/v% in DMSO/water (1:1, v/v)
and EG/water (3:7, v/v). Initially, an oscillatory strain-sweep experiment to determine
the linear viscoelastic region (LVR) was performed to check whether the characteristic of
the gel is retained or not because the gel networks undergo reversible deformation within
the LVR. The results indicated that both the modified gelator 1 and its parent 3-HBU had
narrow LVR as the storage modulus G’ decreased after 0.05% of the shear strain (Figure S1).
The point at which the elastic gel converts to a viscous fluid, accompanied by a sudden
decrease in the G’, is known as the crossover point [50,51].

The crossover points for 3-HBU and 1 in both the solvent mixtures were found to be
within 3.0–10.0% of shear strain. Similar experiments were also performed to compare
the gel strength of 3-BBU and 3 in DMSO/water (1:1, v/v) and EG/water (3:7, v/v) at
5.0 wt/v%, respectively. Analyzing the LVR indicated that for 3-BBU, the G’ decreased
on increasing the shear strain above 0.02% but decreased after 0.05% of the shear strain
for gelator 3. The crossover point for 3-BBU gelator was found to be around 0.5–2.0% of
strain, but this was slightly higher (3.0–10.0)% of strain for gelator 3 (Figure S2). These
results demonstrated that the mechanical strength of the parent and modified compounds
in DMSO/water (1:1, v/v) and EG/water (3:7, v/v) displayed a narrow LVR in all cases,
which proved that the gelators formed soft gels. Furthermore, above 10.0% of strain, all the
gels were found to behave as a viscous fluid, indicated by the steep decrease in the G’.

Frequency sweep experiments were performed at a constant strain of 0.02% (within
LVR) in a range of 0.1–10.0 Hz, which displayed a constant elastic (G′) and viscous (G”)
moduli under varying frequency. The relative gel strength of 3–HBU and 1 was compared
by performing frequency sweep experiments on the gels prepared at 5.0 wt/v% in EG/water
(3:7, v/v). The modified gelator 1 displayed a higher elastic modulus (G’) than the parent
gelator 3-HBU (~25 times). In DMSO/water (1:1, v/v), the G’ for 1 at 5.0 wt/v% was
around ten times higher than the gelator 3-HBU (Figure S3). The experiments performed
with 3-BBU and gelator 3 at 5.0 wt/v% also displayed similar results. Similarly, the G’ for
gelator 3 was found to be approximately 25 times higher than 3-BBU in EG/water (3:7, v/v)
and around ten times higher in DMSO/water (1:1, v/v) (Figure 2). These results showed
that the functional group modification enhanced mechanical strength, presumably due to
the alteration of non-bonding interactions in the modified compounds.
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Figure 2. Frequency sweep experiments of gels of 3-BBU and 3, 5.0 wt/v% at 25.0 ◦C with a constant
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2.5. Gel Morphology

The surface morphology of the xerogels was analyzed by scanning electron microscopy
(SEM). We have performed SEM of the xerogels from DMSO/water (1:1, v/v) to compare
the morphology of the xerogels of gelator 1 and 3-HBU. Xerogel of 3-HBU prepared at
4.0 wt/v% in DMSO/water (1:1, v/v) displayed plate-like morphology with dimensions
ranging from 5.0–40.0 µm (Figure 3a), and the structurally modified gelator 1 also displayed
fibers (10.0–60.0 µm) with similar plate-like morphology (Figure 3b). Similarly, the xerogels
of the parent gelator 3-BBU (dimension 20.0–100.0 µm) and 3 (dimension 2.0–10.0 µm) in
DMSO/water (1:1, v/v) at 5.0 wt/v% displayed plate-shaped morphology (Figure S4a,b).
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We have also performed the SEM of the xerogels of 1 and 3 in water at 3.0 wt%, and the
hydrogelator 1 displayed fibrous morphology with thin and long fibers of thickness ranging
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from 0.1–0.5 µm (Figure 4a), but a plate-shaped morphology with a dimension of 2.0–16.0
µm was observed for gelator 3 (Figure 4b). Thus, the functional group modification of the
bis(pyridyl urea)-based compounds to the corresponding bis(pyridyl-N-oxide urea) did
not affect the morphologies of the gelators in DMSO/water (1:1, v/v), but solvent-induced
morphological change was observed in hydrogels of 1, indicating the role of solvents in the
morphology of the gel fibers.
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2.6. Single Crystal X-ray Diffraction

Single crystal X-ray diffraction analysis will enable us to analyze the non-bonding
interactions of the N-oxide gelators in solid-state, which could be correlated to the gelation
properties. Needle-shaped crystals of gelator 1 were obtained from DMSO/water, and
single-crystal X-ray analysis revealed that compound 1 crystallized in monoclinic space
group C2/c with one water molecule (1·H2O) (Table S3).

Compound 1 has an inversion center resulting in the anti-conformation of the urea
and the N-oxide moieties. The urea moieties displayed bifurcated hydrogen bonding with
the N-oxide moieties via N—H· · ·O interactions (2.8749(16) and 2.9531(17) Å; Table S4),
resulting in a one-dimensional urea α-tape-like architecture (Figure 5) similar to comple-
mentary urea N—H· · ·O=C aggregation. The one-dimensional chains are interconnected
by O—H· · ·O interactions between the pyridyl-N-oxide moiety and the solvent water
molecule (Figure S5a).
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Gelator 3 was crystallized with two water molecules (3·2H2O) in a monoclinic space
group P21/n (Table S3). The overall conformation of the molecule was non-planar, and the
urea and the N-oxide moieties adopted an anti-confirmation due to the inversion center
(Figure 6a). One of the nitrogen atoms of the urea moieties was hydrogen-bonded to
the pyridyl-N-oxide via N—H· · ·O interactions (3.0246(16) Å) to form a two-dimensional
hydrogen bonded network. The solvent water molecule was entrapped in this network
(Figure 6b), which was stabilized by hydrogen bonding interactions with the other nitrogen
atom of the urea motif (N—H· · · O = 2.8011(17) Å) and the oxygen atom of the pyridyl-
N-oxide moieties of adjacent network (O· · ·H—O = 2.8329(18) and 2.9013(18) Å) to form
a porous architecture (Figure S5b), which was further stabilized by various non-bonding
interactions (Table S4).
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The compound 4-BBU was crystallized in the monoclinic space group P21/n with
an inversion center. The urea moieties displayed anti-confirmation and the molecular
structure was non-planar similar to 3 (Figure S6a). One of the nitrogen atoms of the urea
moieties of 4-BBU displayed N—H· · ·O interactions (2.9871(15) Å) with the oxygen atom
of the carbonyl moieties to form a one-dimensional hydrogen-bonded chain (Figure S6b).
The second nitrogen atom of the urea moieties interacted with the pyridyl nitrogen from
the adjacent molecule via N· · ·H—N interactions (2.986(2) Å), which connected the two
orthogonal one-dimensional chains to form a two-dimensional hydrogen-bonded network.
The corresponding N-oxide compound 4 also crystallized in monoclinic space group P21/n
with an inversion center, and the urea moieties adopted an anti-confirmation (Figure S7a).
The nitrogen atoms of the urea moieties displayed bifurcated hydrogen bonding with the
oxygen atom of the pyridyl-N-oxide moieties (2.7887(18) and 2.9988(18) Å) to form a two-
dimensional hydrogen-bonded sheet architecture (Figure S7b) with cavities. The solvent
water molecules located in these cavities (Figure S7c) were hydrogen-bonded to the oxygen
atoms of the carbonyl (2.889(2) Å) and pyridyl-N-oxide (2.788(2) Å) moieties, respectively.

The crystal structures of the parent compounds were compared to the modified com-
pounds to analyze how structural modification affected the non-bonding interactions in the
solid-state. The comparison of the solid-state structures of 3-BBU [48] and the correspond-
ing N-oxide 3 indicated that the structural modification changed the hydrogen bonding
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pattern of the urea moieties of 3-BBU from N· · ·H—N/N—H· · ·O interactions [48] to
N—H· · ·O interactions in 3. The comparison of structures of 4-BBU and the correspond-
ing N-oxide 4 also revealed the alteration of non-bonding interactions; for example, the
N· · ·H—N interactions were also replaced by N—H· · ·O interactions in 4. We were not
able to compare the solid-state structure of 1 with the parent compound because crystal-
lization 3-HBU was unsuccessful, despite several trials. We have compared the solid-state
interactions of gelator 1 and 3, and gelator 1 displayed a urea α-tape-like architecture via
N—H· · ·O interactions involving the urea and pyridyl-N-oxide moieties similar to comple-
mentary urea hydrogen bonding. However, the N—H· · ·O interactions in 3 resulted in a
two-dimensional hydrogen-bonded network, indicating that linkers play an important role
in dictating the one-dimensional chain, which is crucial for better gelation properties [48].

2.7. X-ray Powder Diffraction (XRPD)

X-ray Powder Diffraction is an important technique to identify the phase purity of
bulk solids, which is performed by comparing the XRPD pattern of the bulk crystals with
the simulated pattern obtained from the crystal structure. Moreover, the comparison of
the powder X-ray patterns of the dried gels with the simulated pattern obtained from the
crystal structure may provide useful information about the interactions involved in the
gel network formation [14,19,28,31,52–54]. Although the drying process of the gels can
lead to artifacts, this method can be considered as an elegant approach to correlate the
self-assembly process in LMWGs [55].

We have compared the XRPD pattern of the xerogel of 1 obtained from DMSO/water
(1:1, v/v) at 4.0 wt/v%, which did match with the simulated pattern. The XRPD pattern of
the bulk crystals of gelator 1·H2O was also found to be similar to the simulated pattern,
except an extra peak at 2θ ≈ 11.0◦, presumably due to the solvent water molecules (Figure
S8). Similarly, for gelator 3, the XRPD pattern of the bulk crystals and the xerogel obtained
from DMSO/water (1:1, v/v) at 5.0 wt/v% matched with the simulated pattern of the single
crystal of 3·2H2O (Figure 7). However, a slight shift was observed with bulk crystals and
xerogels at higher 2θ (> 25.0◦) compared to the simulated pattern of the single crystal of
3·2H2O. The XRPD pattern of the xerogel of 1 and 3 at 3.0 wt% in water was different from
that of the simulated patterns, indicating that the gelator might adopt different structures
depending on the gelling solvent (Figures S8 and S9).
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Figure 7. Comparison of the simulated pattern from single-crystal data, bulk-crystals synthesized
from DMSO/water, and xerogel from DMSO/water (1:1, v/v) of compound 3.
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We have also recorded the XRPD pattern of the 3-BBU bulk crystals and xerogel. The
XRPD patterns of the bulk crystals and the xerogels obtained from DMSO/water (1:1, v/v)
at 5.0 wt/v% were superimposable, but it was found to be different from the simulated
pattern (Figure S10). The XRPD pattern of 4-BBU (as-synthesized) was identical to the
simulated pattern (Figure S11), but the pattern of 4 (as-synthesized) did not match with
the simulated pattern, presumably due to a different crystal packing in the presence of the
solvent water molecule (Figure S12).

2.8. Physical Properties in the Presence of Salts

The stimuli-responsive properties of LMWGs [1–5,56] were studied in the presence
salts/ions, for example, making or breaking of the gel network. Xu et al. have synthesized
an organogel with pyrene fluorophore and urea-sulfonamide anion binding sites to show
the effect of ion′s size in gelation [57]. Pang et al. reported the gel-sol transition in
the presence of selective anion [58]. Adam’s group has demonstrated a Ca2+ induced
hydrogelation at alkaline pH in LMWGs based on dipeptide derivatives [59]. The presence
of pyridyl/pyridyl-N-oxide moieties in our compounds makes them ideal candidates as
stimuli-responsive soft materials because these groups are known to interact with the
salts/ions. We have previously reported the anion sensing studies of pyridyl-N-oxide
compounds [30] and have shown that gel-sol transition can be used to detect cyanide
ions [60]. This prompted us to explore the effect of salts in the gelation properties of
bis(pyridyl urea) and its corresponding bis(pyridyl-N-oxide urea) compounds.

The effect of salts on the thermal stability and mechanical strength of the gel network
was analyzed by Tgel experiments and rheology, respectively. The stimuli-responsive
properties were analyzed by treating the gels with various potassium salts, such as KF, KCl,
KBr, KI, and KCN, in DMSO/water mixture, and the gelation properties of the modified
N-oxide compounds were compared to the corresponding parent gelators. The gels of
compounds 1 and 3-HBU were prepared in DMSO/water (1:1, v/v) at 4.0 wt/v%, and
the parent and modified gelators were stable in the presence of all the salts (1.0 and 3.0
equivalents). The thermal stability of the parent and modified compounds in the presence
of these salts indicated a slightly increase in Tgel values for gelator 1 in the presence of the
salts (1.0 equivalents), but the values were comparable with the pure gelator for 1 at 3.0
equivalents of salts. However, the Tgel values for 3 in the presence of 1.0 and 3.0 equivalents
of salts were similar to the pure gelators (Table S5). The thermal stability of 3-HBU and
3-BBU decreased in the presence of the salts, and these results indicated that salts could
interfere with gelator-solvent molecule interactions, thereby affecting the thermal stability
of these gels [61].

We have analyzed the mechanical strength of the gels in the presence of salts, and the
frequency sweep experiments revealed that the relative gel strength of the parent gelator
3-HBU decreased in the presence of 1.0 and 3.0 equivalents of KF, KCl, KBr, KI, and KCN
(Figure 8a). This is presumably due to the interaction of the pyridyl group with the salts
affecting the non-bonding interactions responsible for the mechanical strength of the gelator.
There was a considerable decrease in the mechanical strength of parent gelator 3-HBU in the
presence of 3.0 equivalents of KCl, KI, and KCN. However, a reverse trend was observed
for the modified compound 1 in the presence of (1.0 and 3.0 equivalents) potassium
salts (halides and cyanide). The mechanical strength was slightly reduced when the
concentration of the salts was increased (3.0 equivalents) compared to the 1.0 equivalent of
the salts, but the mechanical strength was higher than the pure gel in all cases (Figure 8b).
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Figure 8. Frequency sweep experiments at 4.0 wt/v% in DMSO/water (1:1, v/v) in the presence of various salts of potassium
at 25.0 ◦C with a constant strain of 0.02%, (a) 3-HBU and (b) Gelator 1.

The treatment of various anions of the potassium salts (halides and cyanides) gave
similar enhancement in the mechanical strength of the modified compound 1, which
indicates that the enhanced mechanical strength does not depend on the size and nature of
the anions. This prompted us to check the stimuli-responsive properties of gelators in the
presence of various cations, and we have selected the chloride salts of cations of group IA
(sodium), group IIA (calcium and magnesium), group III (aluminum), and transition metals
(copper, zinc, and cadmium; Table S6). The results indicated that enhanced mechanical
properties were observed in the presence of 1.0 and 3.0 equivalents of chlorides salts of
sodium, magnesium, and calcium (Figure S13a). However, weak gels were obtained at
1.0 equivalent of CuCl2 and CdCl2 (1.0 and 3.0 equivalents), but the gelation was ceased
in the presence of 3.0 equivalents of CuCl2, 1.0 and 3.0 equivalents of ZnCl2 and AlCl3,
respectively (Figure S14). Similar experiments performed with parent 3-HBU revealed that
the presence of chlorides salts (1.0 and 3.0 equivalents) of sodium, magnesium, and calcium
decreased the mechanical strength compared to the pure gelator, but a reverse trend was
observed for CuCl2 (1.0 and 3.0 equivalents) and ZnCl2 (1.0 equivalents), presumably due
to the formation of metallogels (Figure S13b). However, the gel network collapsed in the
presence of CdCl2 and AlCl3 salts (1.0 and 3.0 equivalents) and 3.0 equivalents of ZnCl2.

Similarly, we have compared the mechanical strength of 3-BBU and 3 at 5.0 wt/v%
in DMSO/water (1:1, v/v) in the presence of salts mentioned above (Table S6). The
mechanical strength of the parent gelator 3-BBU was reduced in the presence of potassium
halides and cyanide (Figure 9a), similar to 3-HBU, and the maximum difference was
observed for KF and KI. The presence of these ions enhanced the mechanical strength of
gelator 3, similar to gelator 1 (Figure 9b), and the maximum enhancement was observed
for KCl (3.0 equivalents). The experiments were performed with various chloride salts
of cations of group IA, group IIA, group III, and transition metals (copper, zinc, and
cadmium) revealed that the mechanical strength of 3 increased in the presence of 1.0 and
3.0 equivalents of chlorides salts of sodium, magnesium, calcium, and cadmium (Figure
S15a). The gel network collapsed in the presence of ZnCl2 (3.0 equivalents), CuCl2 (1.0 and
3.0 equivalents), and AlCl3 (1.0 and 3.0 equivalents). The experiments performed with
parent 3-BBU in the presence of NaCl, MgCl2, and CaCl2 (1.0 and 3.0 equivalents) displayed
a decrease in mechanical strength (Figure S15b). The gel network of 3-BBU collapsed in
the presence of 1.0 and 3.0 equivalents of ZnCl2, CdCl2, and AlCl3; however, thermo-
irreversible metallogels were obtained with CuCl2 (1.0 and 3.0 equivalents), with more
enhanced mechanical strength than the pure gelator [29].
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Figure 9. Frequency sweep experiments at 5.0 wt/v% in DMSO/water (1:1, v/v) in the presence of various salts of potassium
at 25.0 ◦C with a constant strain of 0.02%, (a) 3-BBU, (b) Gelator 3.

The ability of the modified compounds (1 and 3) to form hydrogels prompted us to
evaluate the stimuli-responsive properties in water in the presence of salts (Table S7), which
will enable us to detect anions/cations in water [9,60–62]. The rheological experiments
on the hydrogels of modified compound 1 (2.5 wt%) and compound 3 (3.5 wt%) in the
presence of various salts (Table S7) indicated that potassium halides and cyanide enhanced
the mechanical strength of both the hydrogels. A 2-fold increase in mechanical strength was
observed for 1 with KCN (1.0 equivalents) (Figure 10a), with KCl for 3 (1.0 equivalents), and
with KBr (1.0 equivalents) for both 1 and 3 (Figure 10a,b). Increasing the concentration of
the salts (3.0 equivalents) gave similar results but the gel strength was increased compared
to the corresponding gelator without additives. We have also performed experiments with
sodium halides, nitrates of calcium and magnesium, magnesium sulfate, and chloride salts
of calcium, magnesium, strontium, barium, cesium, aluminum, copper, zinc, and cadmium.
These results indicated that the presence of these salts enhanced the mechanical strength
of compounds 1 and 3, except for chlorides of aluminum, zinc, cadmium, and copper.
Compound 1 (2.5 wt%) formed gel in the presence of 1.0 equivalent of transition metal
chlorides and aluminum chloride, but gelation was not observed with 3.0 equivalents of
these salts. However, 1.0 equivalent of aluminum chloride did not have a prominent effect
on the mechanical strength of gelator 3 (3.5 wt%), but a colloidal solution was observed at
3.0 equivalents. Gels were not obtained for 3 in the presence of 1.0 and 3.0 equivalents of the
chloride salts of zinc, cadmium, and copper. These results indicated that the gel network
collapsed in the presence of aluminum chloride, cadmium chloride, zinc chloride, and
copper chloride in water, but the other salts enhanced the gelation properties (Table S7).

To confirm the role of the salts in gelation properties, we have repeated the experiments
at different concentrations, such as minimum gel concentration (MGC) and below MGC.
The gelation experiments were performed at MGC with compounds 1 (1.5 wt%) and 3
(2.5 wt%) in the presence of all these salts (Table S7) for rheological studies. The addition
of salts (1.0 and 3.0 equivalents), such as potassium halides, potassium cyanide, and
chlorides of sodium, magnesium, and calcium, enhanced the mechanical strength of
the hydrogels. The mechanical strength was increased (~4-fold) in the presence of the
majority of salts for gelator 3 (2.5 wt%), and, for gelator 1 (1.5 wt%), the enhancement of
mechanical strength was ~5-fold for the chloride salts of potassium, magnesium, calcium,
and potassium fluoride (Figure S16). The experiments repeated with various other salts
revealed similar results (enhanced mechanical strength), except for aluminum chloride
(1.0 and 3.0 equivalents), and 3.0 equivalents of the transition metal chlorides of cadmium,
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zinc, and copper ceased gelation. The experiments were performed below MGC to test
the ability of these salts to induce gelation in compounds 1 (1.0 wt%) and 3 (2.0 wt%).
The results indicated that the salts, such as potassium halides, potassium cyanide, and
chlorides of sodium, magnesium, and calcium (1.0 and 3.0 equivalents), induced gelation
in 1 and 3 at a concentration below MGC, which was confirmed by vial inversion test, and
the gelation properties were analyzed by frequency sweep experiments (Figure S17a,b).
However, these gel networks collapsed after adding 3.0 equivalents of chlorides salts of
either aluminum, cadmium, zinc, or copper (Figure 11). Furthermore, the presence of AlCl3
(1.0 or 3.0 equivalents) and 3.0 equivalents of CdCl2, ZnCl2, and CuCl2 did not induce
gelation at concentration below MGC in 1 and 3.
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Figure 10. Frequency sweep experiments above MGC in water in the presence of salts at 25.0 ◦C with a constant strain of
0.02%, (a) compound 1 at 2.5 wt%, and (b) compound 3 at 3.5 wt%.
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The enhanced gelation of the N-oxide gelators in the presence of salts prompted us to
analyze the effect of these salts on compounds 2 and 4. Compound 2 formed precipitate in
water, and the interaction of 4 with the salts were similar to gelators 1 and 3 (Figure S18).
We have also performed the experiments with the parent bis(pyridyl urea) compounds
in the presence of 1.0 and 3.0 equivalents of these salts, but gelation was not observed
due to the poor solubility of the compounds in water. Thus, the structural modification
increased the hydrophilic nature in the modified compounds (N-oxides), resulting in higher
solubility and better interaction of the compounds with ions in water. The interaction of
the gelators with the salts favored gelation, which was evident from higher G’ values in
the frequency sweep experiment and the gel formation below MGC. Thus, LMWGs acted
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as stimuli-responsive gelators where gelation was turned ON or OFF in the presence of
respective salts/ions.

We further analyzed the morphology of the xerogels of the N-oxide gels in water in
the presence of potassium fluoride, calcium, and magnesium chlorides using SEM. The
xerogel of 1 below MGC (1.0 wt%, partial gel) displayed fibrous morphology with fiber
diameter 0.5–2.0 µm (Figure S19a). SEM performed on the xerogels of gelator 1 at 1.0 wt%
in the presence of 3.0 equivalents of these salts displayed thin and long dense fibrous
bundles (Figure S19b–d). Similarly, we have analyzed the morphology of the xerogels of 3
at 2.0 wt% (below MGC, partial gel) in the presence of the salts (3.0 equivalents). The SEM
images displayed plate-shaped morphology in all cases, and no distinct morphological
change was identified (Figure S20a–d).

3. Materials and Methods

The starting materials and solvents were purchased commercially from Sigma-Aldrich
(MEDOR ehf, Reykjavik, Iceland) and TCI-Europe ((Boereveldseweg, Belgium) and were
utilized as supplied. Gelation experiments were conducted using deionized water. A
Bruker Avance 400 spectrometer (Rheinstetten, Germany) was used to record 1H and 13C
NMR spectra (Figure S21–S32), and the scanning electron microscopy (SEM) (Carl Zeiss,
Oberkochen, Germany) was recorded on a Leo Supra 25 microscope. The rheological
experiments were performed on Anton Paar modular compact rheometer MCR 302 (Graz,
Austria). A Bruker D8 venture (Karlsruhe, Germany) and PANalytical instrument (Almelo,
Netherlands) were used to carry out single-crystal X-ray diffraction (SCXRD) and powder
X-ray diffraction (XRPD) experiments. Isonicotinoyl azide [63], 3-HBU [29], and 3-BBU [48]
were synthesized following the reported procedure, and the analytical data matched with
the reported compounds.

3.1. Synthesis of Ligands
3.1.1. 1,1′-(Hexane-1,6-diyl)bis(3-(pyridin-4-yl)urea) (4-HBU)

A solution of diisocyanatohexane (3.6 g, 21.2 mmol) was dissolved in 30.0 mL of
dry acetonitrile and was added dropwise to a stirring solution of 4-aminopyridine (4.0 g,
42.5 mmol) in 50.0 mL of dry acetonitrile. The mixture was heated to reflux for about 48 h,
until a thick precipitate was formed. The precipitate was filtered, washed with acetonitrile,
and air-dried to obtain the product. Yield: 77.0%. 1H NMR (400 MHz, DMSO-d6) δ (ppm):
11.02 (s, 2H), 8.48 (d, J = 6.90 Hz, 4H), 7.80 (d, J = 6.64 Hz, 4H), 7.26 (t, J = 5.66 Hz, 2H),
3.19–3.09 (m, 4H), 1.50–1.41 (m, 4H), 1.38–1.28 (m, 4H). 13C {1H} NMR (100 MHz, DMSO-
d6) δ (ppm): 153.77, 153.67, 142.01, 112.10, 39.04, 29.15, 25.93. HRMS (APCI): calcd for
C18H25N6O2 [M + H]+, 357.2034; found, 357.2034.

3.1.2. 1,1′-(Butane-1,4-diyl)bis(3-(pyridin-4-yl)urea) (4-BBU)

A solution of isonicotinoyl azide (1.5 g, 10.0 mmol) in toluene (50 mL) was refluxed at
110.0 ◦C for 2 h under a nitrogen atmosphere and cooled to room temperature. A solution
of 1,4-diaminobutane (500 µL, 5.0 mmol) and triethylamine (1.4 mL, 10.0 mmol) in 40 mL
toluene was added dropwise to the reaction mixture at room temperature. The resulting
pale-yellow solution was further refluxed overnight, and the white precipitate formed was
filtered. The residue was washed with methanol and dried in air to obtain the product as
a white solid. The compound was recrystallized from methanol/water (3:1, v/v). Yield:
1.25 g, 76.2%. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.87 (s, 2H), 8.27 (dd, J = 4.72,
1.64 Hz, 4H), 7.35 (d, J = 6.44 Hz, 4H), 6.39 (t, J = 5.72 Hz, 2H), 3.11 (m, 4H), 1.45 (m, 4H).
13C {1H} NMR (100 MHz, DMSO-d6) δ (ppm): 154.56, 149.65, 147.36, 111.76, 38.78, 27.05.
HRMS (APCI): calcd for C16H21N6O2 [M + H]+, 329.1726; found, 329.1721.
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3.1.3. 3,3′-(((Hexane-1,6-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine
1-oxide)) (1)

3–chloroperoxybenzic acid (0.42 g, 2.44 mmol) was added in portions to a solution of
3-HBU (0.3 g, 0.84 mmol) in 5.0 mL DMF, and the solution was stirred overnight at room
temperature [30]. The precipitate formed was filtered and washed with cold water and
diethyl ether, and the crude product was recrystallized from hot water. Yield: 72.0%. 1H
NMR (400 MHz, DMSO-d6) δ (ppm): 8.82 (s, 2H), 8.56 (s, 2H), 7.79 (d, J = 6.2 Hz, 2H), 7.24
(dd, J = 8.53, 6.12 Hz, 2H), 7.20–7.14 (m, 2H), 6.39 (t, J = 5.63 Hz, 2H), 3.07 (q, J = 6.53 Hz,
4H), 1.49–1.38 (m, 4H), 1.35–1.23 (m, 4H). 13C {1H} NMR (100 MHz, DMSO-d6) δ (ppm):
154.52, 139.80, 131.56, 128.55, 125.86, 114.47, 39.11, 29.52, 26.05. HRMS (APCI): calcd for
C18H24N6NaO4 [M + Na]+, 411.1751; found, 411.1748.

3.1.4. 4,4′-(((Hexane-1,6-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine
1-oxide) (2)

Compound 2 was synthesized following a similar procedure to compound 1. The pre-
cipitate obtained from the solution of 4-HBU (0.6 g, 1.68 mmol) and 3–chloroperoxybenzic
acid (0.84 g, 4.88 mmol) in 15.0 mL DMF was filtered. The residue was stirred overnight in
0.05 M HCl to remove unreacted starting materials. The mixture was filtered, washed with
water, and dried. The product was recrystallized from hot water. Yield: 62.0%. 1H NMR
(400 MHz, DMSO-d6) δ (ppm): 10.08 (s, 2H), 8.33 (d, J = 7.47 Hz, 4H), 7.62 (d, J = 7.47 Hz,
4H), 6.85 (t, J = 5.65 Hz, 2H), 3.10 (q, J = 6.50 Hz, 2H), 1.48–1.38 (m, 2H), 1.36–1.26 (m, 2H).
13C {1H} NMR (100 MHz, DMSO-d6) δ (ppm): 153.99, 144.87, 139.57, 113.58, 39.08, 29.28,
25.93. HRMS (APCI): calcd for C18H24N6NaO4 [M + Na]+, 411.1751; found, 411.1752.

3.1.5. 3,3′-(((Butane-1,4-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine
1-oxide) (3)

The reaction procedure was similar to compound 1. 3–chloroperoxybenzic acid (0.94 g,
5.48 mmol) and 3-BBU (0.6 g, 1.82 mmol) were added to DMF (10.0 mL). The precip-
itate was filtered and washed with cold water and ether and was recrystallized from
THF/water (1:1, v/v). Yield: 68.0%. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.82 (s, 2H),
8.55 (t, J = 1.89 Hz, 2H), 7.79 (dt, J = 6.17, 1.40 Hz, 2H), 7.26–7.20 (m, 2H), 7.19–7.15 (m,
2H), 6.41 (t, J = 5.70 Hz, 2H), 3.10 (q, J = 5.7 Hz, 4H), 1.49–1.40 (m, 4H). 13C {1H} NMR
(100 MHz, DMSO-d6) δ (ppm): 154.53, 139.76, 131.57, 128.55, 125.84, 114.40, 38.90, 27.05.
HRMS (APCI): calcd for C16H20N6NaO4 [M + Na]+, 383.1444; found, 383.1438.

3.1.6. 4,4′-(((Butane-1,4-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine
1-oxide) (4)

Compound 4 was synthesized following a similar procedure to compound 2. The
compound was recrystallized from water (40.0 mg/mL). Yield: 55.0%. 1H NMR (400 MHz,
DMSO-d6) δ (ppm): 9.00 (s, 2H), 7.99 (d, J = 7.48 Hz, 4H), 7.40 (d, J = 7.52 Hz, 4H),
6.40 (t, J = 5.88 Hz, 2H), 3.09 (m, 4H), 1.44 (m, 4H). 13C {1H} NMR (100 MHz, DMSO-d6) δ
(ppm): 154.92, 150.37, 139.04, 114.61, 39.36, 27.53. HRMS (APCI): calcd for C16H20N6O4Na
[M + Na]+, 383.1444; found, 383.1438.

3.2. Gelation Studies

Gelation properties were evaluated with all the compounds in various solvents by
weighing 10.0 mg of the compound in a standard 7.0 mL vial (ID = 15.0 mm), into which 1.0
mL of the solvent was added, and the vial was sealed. The mixture was then sonicated and
slowly heated to obtain a clear solution and was left undisturbed. An inversion test was
conducted to confirm the gelation. Gelation tests were also conducted in the mixed aqueous
system, and 10.0 mg of the compound was dissolved in 0.5 mL of the appropriate solvent
in a standard 7.0 mL vial, followed by the addition of 0.5 mL distilled water. The mixture
was sonicated and heated to obtain a transparent solution. The solution was cooled to
room temperature, left undisturbed, and a vial inversion test confirmed gel formation. The
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experiments were repeated with higher concentrations of the compounds (up to 50.0 mg)
to test gelation.

3.2.1. Minimum Gel Concentration (MGC)

The MGC was performed in suitable solvents by weighing various concentration of
the compounds in a standard 7.0 mL vial and adding 1.0 mL of solvent/solvent mixture.
The mixture was sonicated and heated gradually to dissolve the compounds completely
and the solution was kept at room temperature for gel formation. The minimum amount
of the compound required to form a stable gel after 24 h was recorded as the MGC.

3.2.2. Tgel Experiments

In a 7.0 mL standard vial, the required amount of gelator and 1.0 mL of solvent
was added. The mixture was sonicated and heated to dissolve and left undisturbed for
gelation. After 24 h, a ball-drop method was performed to observe the gel to sol transition
temperature (Tgel). A spherical glass ball was carefully placed on the top of the gel and
immersed in an oil bath. A magnetic stirrer and a thermometer were equipped to monitor
the temperature as the oil bath was gradually heated at 10.0 ◦C per minute. As temperature
increases, the glass ball slowly gets immersed into the gels, and the temperature at which
the ball touched the bottom of the vial was recorded as Tgel.

3.3. Rheology

An Anton Paar Modular Compact Rheometer MCR 302 was used to conduct rheo-
logical measurements. A 2.5 cm stainless steel parallel plate geometry configuration was
used to measure the mechanical strength. Oscillatory measurements were conducted at a
constant temperature of 25.0 ◦C in all cases. A Peltier temperature control hood was used
as a solvent trap, which maintained a temperature of 25.0 ◦C for frequency and amplitude
sweeps. Gels were prepared by dissolving an appropriate amount of the corresponding
gelator in 1.0 mL of solvent. The experiments were performed after 24 h by scooping
~1.0 mL portion of gel onto the plate. A constant frequency of 1.0 Hz was maintained
during amplitude sweep with log ramp strain (Υ) ranges 0.01–100%. The frequency sweep
was then carried out between 0.1 and 10.0 Hz within the linear viscoelasticity domain
(0.02% strain). The experiments were also conducted in the presence of different salts in
water and DMSO/water (1:1, v/v), with a similar procedure as mentioned above.

3.4. Scanning Electron Microscopy (SEM)

SEM was performed on a Leo Supra 25 microscope which analyzed the surface mor-
phologies of the xerogels. Gels of 3-HBU (4.0 wt/v%), 3-BBU (5.0 wt/v%), 1 (4.0 wt/v%),
and 3 (5.0 wt/v%) were prepared in DMSO/water (1:1, v/v). We have also prepared the
hydrogels of 1 at 1.5 wt% (also at a higher concentration, 3.0 wt%) and at 2.5 wt% for
compound 3. The gels were filtered after 24 h and dried under a fume hood to obtain the
xerogel. A small portion of the xerogel was placed on a pin mount with the carbon tab
on top, coated with gold for 5–6 min to prevent charging of the surface, and was loaded,
and the images were recorded at an operating voltage of 3.0 kV with a working distance
3–4 mm. An in-lens detector was used to record the SEM images. SEM of the xerogel of
gelator 1 and 3 in the presence of certain salts of potassium, magnesium, and calcium in
water was also recorded.

3.5. Single Crystal X-ray Diffraction

Single crystal of compound 1 was obtained by the slow evaporation of 10.0 mg of the
compound in 2.0 mL of DMSO/water (1:1 v/v) to obtain needle-shaped crystals. Similarly,
for compound 3, a solvent composition of 2.0 mL of DMSO/water (1:2 v/v) of 10.0 mg of
the compound was utilized to obtain the single crystals with needle-shaped morphology
within a span of 24 h. X-ray quality crystals of 4-BBU were obtained from a methanol/water
(3:1, v/v) solution (10.0 mg/mL), and the slow evaporation of 40.0 mg of the compound 4 in
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1.0 mL of water yielded needle-shaped single crystals. A Bruker D8 Venture (Photon100
CMOS detector) diffractometer equipped with Cryostream (Oxford Cryosystems) open-
flow nitrogen cryostats was used for the X-ray analysis. The data was collected using
MoKα radiation (λ = 0.71073 Å) for the crystals 1 at 293(2) K, 4-BBU and 4 at 296(2) K,
and compound 3 at 150(2) K. The unit cell determination, data collection, data reduction,
structure solution/refinement, and empirical absorption correction (SADABS) were carried
out using Apex III software (Bruker AXS: Madison, WI, USA, 2015). The structure was
solved by direct method and refined by the full-matrix least-squares on F2 for all data using
SHELXTL version 2017/1 (University of Göttingen, Göttingen, Germany) [64]. All non-
disordered nonhydrogen atoms were refined anisotropically, and the hydrogen atoms were
placed in the calculated positions and refined using a riding model, except for the solvent
water molecules in structures 1, 3, and 4, where the hydrogen atoms were located on the
Fourier map and refined. The crystallographic data and hydrogen bonding parameters are
given in Tables S3 and S4 (see Supplementary Materials). The crystallographic data was
deposited at the Cambridge Crystallographic Data Center, which can be obtained free of
charge, and the CCDC numbers are 2113251–2113254.

3.6. X-ray Powder Diffraction

The bulk crystals of compounds 1 and 3 were obtained by the slow evaporation of
the solution of 1 and 3 (20.0 mg in 5.0 mL DMSO/water 1:1, v/v). The crystals were
filtered, dried in the air, and ground to a fine powder. The xerogels compound 1 were
prepared from corresponding gels made in water at 2.0 wt% and DMSO/water (1:1, v/v)
at 4.5 wt/v%. Gels were further filtered and dried in a fume hood to obtain the xerogel. A
similar strategy was employed to prepare xerogels of compound 3 in water at 2.5 wt% and
DMSO/water (1:1, v/v) at 5.0 wt/v %. XRPD studies with 3-BBU were performed with
bulk crystals obtained from THF/water (1:1, v/v) and xerogels at 5.0 wt/v% in EG/water
(3:7, v/v) and DMSO/water (1:1, v/v) to compare with the reported crystal structure. XRPD
was also performed with as-synthesized compound 4 and 4-BBU and was matched with
the simulated data. All experiments were carried out in a PANalytical instrument with Cu
anode (Almelo, Netherlands), between 2θ from 4.0 to 50.0, and a step size of 0.02.

4. Conclusions

The functional group modification of bis(pyridyl urea) compounds to corresponding
bis(pyridyl-N-oxide urea) was performed to tune the gelation properties of LMWGs by al-
tering the specific non-bonding interaction. The analysis of the gelation properties revealed
that the modification of the functional groups induced hydrogelation in 3-pyridyl-based
bis(urea N-oxides) compounds (1 and 3). The structural modification enhanced the me-
chanical stabilities of the modified compounds (1 and 3), but the thermal stability of the
gels in DMSO/water (1:1, v/v) and EG/water (3:7, v/v) were lower than the parent gelators.
The morphologies of the gels were analyzed by SEM, which indicated that plate-shaped
morphologies were observed in most cases, except for the hydrogel 1 with fibrous morphol-
ogy. Single crystal X-ray diffraction revealed that the structural modification resulted in the
alteration of non-bonding interactions and the modified compounds displayed N—H· · ·O
interactions involving the urea and pyridyl-N-oxide moieties, similar to complementary
urea hydrogen bonding. The stimuli-responsive properties of the parent and modified
gelators were studied in the presence of various salts. The addition of salts resulted in
enhanced mechanical strength of the modified N-oxide gels, but a reverse behavior was
observed for the parent gelators. The anion/cation sensing properties of the gelators in
water were evaluated at different gelator concentrations, and the results indicated that the
majority of the salts enhanced the gelation properties, but the gel network collapsed in
the presence of aluminum chloride, cadmium chloride, zinc chloride, and copper chloride.
Gelation was induced by various salts/ions in the modified compounds at concentration
below MGC, with enhanced mechanical strength. Thus, these stimuli responsive LMWGs
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can act as sensors, and the gelation can be turned ON/OFF in the presence of respective
salts/ions.

Supplementary Materials: The following are available online. Scheme S1: Synthetic route for the
parent gelators 3-HBU and 4-HBU; Scheme S2: Synthetic route for the parent gelators 3-BBU and
4-BBU; Scheme S3: Synthetic route for the N-oxides; Table S1: Gelation details; Table S2: Determi-
nation of Minimum Gel Concentration (MGC); Table S3: Crystal data; Table S4: Hydrogen bonding
parameters; Table S5: Tgel experiments in the presence of salts in DMSO/water (1:1, v/v); Table S6:
Stimuli-responsive properties of the parent and modified compounds: comparing the G’ values in
DMSO/water (1:1, v/v)*; Table S7: Stimuli-responsive properties of the modified compounds 1, 3,
and 4: comparing the G’ values in water*; Figure S1: Amplitude sweep experiments with gels of
3-HBU and 1 (5.0 wt/v%) at 25.0 ◦C with a constant frequency of 1.0 Hz; Figure S2: Amplitude sweep
experiments with gels of 3-BBU and 3 (5.0 wt/v%) at 25.0 ◦C with a constant frequency of 1.0 Hz;
Figure S3: Frequency sweep experiments with gels of 3-HBU and 1 (5.0 wt/v%) at 25.0 ◦C with a
constant strain of 0.02%; Figure S4: SEM images of xerogels in DMSO/water (1:1, v/v) at 5.0 wt/v%
(a) 3-BBU, and (b) 3; Figure S5: (a) One-dimensional chains interconnected by O—H· · ·O interac-
tions between the pyridyl-N-oxide moiety and the solvent water molecule in gelator 1 and (b) two-
dimensional porous architecture of gelator 3 with entrapped water molecules;
Figure S6: (a) Molecular structure of 4-BBU and (b) one-dimensional chain of 4-BBU formed by
N· · ·H—O interactions; Figure S7: (a) Molecular structure of 4·2H2O, (b) bifurcated hydrogen
bonding of the urea and pyridyl-N-oxide moieties resulting in two-dimensional hydrogen-bonded
sheet, and (c) solvent water molecules entrapped in the cavities of the two-dimensional sheets;
Figure S8: Comparison of the simulated pattern from single-crystal X-ray structure of compound 1
with the XRPD pattern of the bulk crystals obtained from DMSO/water, xerogel from DMSO/water
(1:1, v/v, 4.0 wt/v%), and xerogel from water at 3.0 wt%; Figure S9: Comparison of the simulated
pattern from single-crystal X-ray structure of compound 3 with the XRPD pattern of the xerogel
from water at 3.0 wt%; Figure S10: Comparison of the simulated pattern from single-crystal X-ray
structure of compound 3-BBU with the XRPD pattern of as-synthesized bulk crystals obtained from
THF/water, xerogel from DMSO/water (1:1, v/v); Figure S11: Comparison of the simulated pattern
from single-crystal X-ray structure of 4-BBU with the XRPD pattern of the bulk crystals obtained from
MeOH/water; Figure S12: Comparison of the simulated pattern from single-crystal X-ray structure
of 4: with the XRPD pattern of bulk crystals obtained from water; Figure S13: Frequency sweep
experiments at 4.0 wt/v% in DMSO/water (1:1, v/v) in the presence of various salts of chlorides
at 25.0 ◦C with a constant strain of 0.02%, (a) gelator 1, and (b) 3-HBU; Figure S14: Gel network
of 1 collapsing in the presence of 3.0 equivalents of ZnCl2 or AlCl3; Figure S15: Frequency sweep
experiments at 5.0 wt/v% in DMSO/water (1:1, v/v) in the presence of various salts of chlorides at
25.0 ◦C with a constant strain of 0.02%, (a) gelator 3, and (b) 3-BBU; Figure S16: Frequency sweep
experiments at MGC in water in presence of salts at 25.0 ◦C with a constant strain of 0.02%, (a) com-
pound 1 at 1.5 wt%, and (b) compound 3 at 2.5 wt%; Figure S17: Frequency sweep experiments
below MGC in water in presence of salts at 25.0 ◦C with a constant strain of 0.02%, (a) compound 1 at
1.0 wt%, and (b) compound 3 at 2.0 wt%; Figure S18: Frequency sweep experiments with compound
4 in the presence of 3.0 equivalents of the salts in water at 25.0 ◦C with a constant strain of 0.02%,
(a) 7.0 wt%, and (b) 5.0 wt%; Figure S19: SEM images of xerogels of 1 obtained from pure water at
1.0 wt% (below MGC), (a) partial gel, and in the presence of 3.0 equivalents of (b) potassium fluoride,
(c) magnesium chloride, and (d) calcium chloride; Figure S20: SEM images of xerogels of 3 obtained
from pure water at 2.0 wt% (below MGC), (a) partial gel, and in the presence of 3.0 equivalents
of (b) potassium fluoride, (c) magnesium chloride, and (d) calcium chloride; Figure S21: 1H NMR
spectrum of compound 4-HBU; Figure S22: 13C NMR spectrum of compound 4-HBU; Figure S23:
1H NMR spectrum of compound 4-BBU; Figure S24: 13C NMR spectrum of compound 4-BBU;
Figure S25: 1H NMR spectrum of compound 1; Figure S26: 13C NMR spectrum of compound 1;
Figure S27: 1H NMR spectrum of compound 2; Figure S28: 13C NMR spectrum of compound 2;
Figure S29: 1H NMR spectrum of compound 3; Figure S30: 13C NMR spectrum of compound 3;
Figure S31: 1H NMR spectrum of compound 4; Figure S32: 13C NMR spectrum of compound 4.
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36. Koukal, P.; Ulč, J.; Nečas, D.; Kotora, M. Pyridine N-Oxides and Derivatives Thereof in Organocatalysis. In Heterocyclic N-Oxides;
Larionov, O.V., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 29–58.

37. Rutgeerts, L.A.J.; Soultan, A.H.; Subramani, R.; Toprakhisar, B.; Ramon, H.; Paderes, M.C.; De Borggraeve, W.M.; Patterson, J.
Robust scalable synthesis of a bis-urea derivative forming thixotropic and cytocompatible supramolecular hydrogels. Chem.
Commun. 2019, 55, 7323–7326.

38. Steed, J.W. Anion-tuned supramolecular gels: A natural evolution from urea supramolecular chemistry. Chem. Soc. Rev. 2010, 39,
3686–3699.

39. Salpage, S.R.; Xu, Y.; Som, B.; Sindt, A.J.; Smith, M.D.; Shimizu, L.S. Pyridyl-phenylethynylene bis-urea macrocycles: Self-assembly
and utility as a nanoreactor for the selective photoreaction of isoprene. RSC Adv. 2016, 6, 98350–98355.

40. Naota, T.; Koori, H. Molecules that assemble by sound: An application to the instant gelation of stable organic fluids. J. Am. Chem.
Soc. 2005, 127, 9324–9325. [PubMed]

41. Fages, F. Metal coordination to assist molecular gelation. Angew. Chem. Int. Ed. 2006, 45, 1680–1682.
42. Offiler, C.A.; Jones, C.D.; Steed, J.W. Metal ‘turn-off’, anion ‘turn-on’ gelation cascade in pyridinylmethyl ureas. Chem. Commun.

2017, 53, 2024–2027.
43. Li, L.; Sun, R.; Zheng, R.; Huang, Y. Anions-responsive supramolecular gels: A review. Mater. Des. 2021, 205, 109759. [CrossRef]
44. Maeda, H. Anion-Responsive Supramolecular Gels. Chem. Eur. J. 2008, 14, 11274–11282. [PubMed]
45. Yang, H.; Yi, T.; Zhou, Z.; Zhou, Y.; Wu, J.; Xu, M.; Li, F.; Huang, C. Switchable fluorescent organogels and mesomorphic

superstructure based on naphthalene derivatives. Langmuir 2007, 23, 8224–8230.
46. Ghosh, K.; Panja, S.; Bhattacharya, S. Naphthalene linked pyridyl urea as a supramolecular gelator: A new insight into naked eye

detection of I− in the gel state with semiconducting behaviour. RSC Adv. 2015, 5, 72772–72779.
47. Piepenbrock, M.-O.M.; Clarke, N.; Steed, J.W. Rheology and silver nanoparticle templating in a bis (urea) silver metallogel. Soft

Matter 2011, 7, 2412–2418. [CrossRef]
48. Byrne, P.; Turner, D.R.; Lloyd, G.O.; Clarke, N.; Steed, J.W. Gradual transition from NH· · · pyridyl hydrogen bonding to the

N—H· · ·O Tape synthon in pyridyl ureas. Cryst. Growth Des. 2008, 8, 3335–3344. [CrossRef]
49. Piepenbrock, M.-O.M.; Lloyd, G.O.; Clarke, N.; Steed, J.W. Gelation is crucially dependent on functional group orientation and

may be tuned by anion binding. Chem. Commun. 2008, 2644–2646.
50. Goodwin, J.W.; Hughes, R.W. Rheology for Chemists: An Introduction; Royal Society of Chemistry: London, UK, 2008.
51. Guenet, J.-M. Organogels: Thermodynamics, Structure, Solvent Role, and Properties; Springer International Publishing: Cham,

Switzerland, 2016.
52. Jayabhavan, S.S.; Steed, J.W.; Damodaran, K.K. Crystal Habit Modification of Metronidazole by Supramolecular Gels with

Complementary Functionality. Cryst. Growth Des. 2021, 21, 5383–5393. [CrossRef]
53. Tómasson, D.A.; Ghosh, D.; Kurup, M.R.P.; Mulvee, M.T.; Damodaran, K.K. Evaluating the role of a urea-like motif in enhancing

the thermal and mechanical strength of supramolecular gels. CrystEngComm 2021, 23, 617–628.
54. Ghosh, D.; Farahani, A.D.; Martin, A.D.; Thordarson, P.; Damodaran, K.K. Unraveling the Self-Assembly Modes in Multicompo-

nent Supramolecular Gels Using Single-Crystal X-ray Diffraction. Chem. Mater. 2020, 32, 3517–3527.

http://doi.org/10.1021/la049097j
http://www.ncbi.nlm.nih.gov/pubmed/15544367
http://doi.org/10.1021/cg070619d
http://doi.org/10.1039/C5CE00901D
http://doi.org/10.1039/c0nj00278j
http://www.ncbi.nlm.nih.gov/pubmed/33599502
http://www.ncbi.nlm.nih.gov/pubmed/32412561
http://www.ncbi.nlm.nih.gov/pubmed/15984832
http://doi.org/10.1016/j.matdes.2021.109759
http://www.ncbi.nlm.nih.gov/pubmed/18823056
http://doi.org/10.1039/c0sm00647e
http://doi.org/10.1021/cg800247f
http://doi.org/10.1021/acs.cgd.1c00659


Molecules 2021, 26, 6420 21 of 21

55. Adams, D.J. Does drying affect gel networks? Gels 2018, 4, 32.
56. Echeverria, C.; Fernandes, S.N.; Godinho, M.H.; Borges, J.P.; Soares, P.I.P. Functional Stimuli-Responsive Gels: Hydrogels and

Microgels. Gels 2018, 4, 54.
57. Xu, Y.-L.; Li, C.-T.; Cao, Q.-Y.; Wang, B.-Y.; Xie, Y. A pyrenyl-appended organogel for fluorescence sensing of anions. Dyes Pigm.

2017, 139, 681–687.
58. Pang, X.; Ge, J.; Yu, X.; Li, Y.; Shen, F.; Wang, Y.; Ren, J. An “off–on” fluorescent naphthalimide-based sensor for anions: Its

application in visual F− and AcO− discrimination in a self-assembled gel state. New J. Chem. 2019, 43, 10554–10559.
59. Panja, S.; Adams, D.J. Gel to gel transitions by dynamic self-assembly. Chem. Commun. 2019, 55, 10154–10157.
60. Ghosh, D.; Deepa; Damodaran, K.K. Metal complexation induced supramolecular gels for the detection of cyanide in water.

Supramol. Chem. 2020, 32, 276–286.
61. Xu, Y.; Wang, C.; Tam, K.C.; Li, L. Salt-Assisted and Salt-Suppressed Sol−Gel Transitions of Methylcellulose in Water. Langmuir

2004, 20, 646–652. [PubMed]
62. Park, J.S.; Jeong, S.; Ahn, B.; Kim, M.; Oh, W.; Kim, J. Selective response of cyclodextrin-dye hydrogel to metal ions. J. Incl. Phenom.

Macrocycl. Chem. 2011, 71, 79–86.
63. Hao, Y.; Tian, T.; Kang, Y.; Chang, T.; Fu, X.; Zhu, Z.; Meng, X.; Panchal, B.; Qin, S. Potassium iodide and bis (pyridylcarbamate)

electrostatic synergy in the fixation reaction of CO 2 and epoxides. New J. Chem. 2020, 44, 15811–15815.
64. Sheldrick, G. Crystal structure refinement with SHELXL. Acta Cryst. C 2015, 71, 3–8.

http://www.ncbi.nlm.nih.gov/pubmed/15773087

	Introduction 
	Results and Discussion 
	Design and Synthesis 
	Gelation Experiments 
	Thermal Stability 
	Rheology 
	Gel Morphology 
	Single Crystal X-ray Diffraction 
	X-ray Powder Diffraction (XRPD) 
	Physical Properties in the Presence of Salts 

	Materials and Methods 
	Synthesis of Ligands 
	1,1'-(Hexane-1,6-diyl)bis(3-(pyridin-4-yl)urea) (4-HBU) 
	1,1'-(Butane-1,4-diyl)bis(3-(pyridin-4-yl)urea) (4-BBU) 
	3,3'-(((Hexane-1,6-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine 1-oxide)) (1) 
	4,4'-(((Hexane-1,6-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine 1-oxide) (2) 
	3,3'-(((Butane-1,4-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine 1-oxide) (3) 
	4,4'-(((Butane-1,4-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))bis(pyridine 1-oxide) (4) 

	Gelation Studies 
	Minimum Gel Concentration (MGC) 
	Tgel Experiments 

	Rheology 
	Scanning Electron Microscopy (SEM) 
	Single Crystal X-ray Diffraction 
	X-ray Powder Diffraction 

	Conclusions 
	References

